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【論題】：   Synthesis of Polymer Gels with Well-Designed Network Structures  
（ネットワーク構造設計された高分子ゲルの合成） 
 
【概要】 
 高分子ゲルは高い含水性や柔軟性などのユニークな特徴を示し，さらに外部刺激によって体積
変化することから，スマートソフトマテリアルとしてドラッグデリバリーシステムやアクチュエ
ーターなどへの応用研究が展開されている。高分子ゲルの特徴はそれを形成する高分子鎖の三次
元網目構造に大きく影響される。そのため，高性能・高機能を有する高分子ゲルを設計するため
には，ネットワーク構造の制御が不可欠である。これまで，高分子ゲルの合成には主にフリーラ
ジカル重合（FRP）が用いられてきた。FRP は簡便で反応性が高いため，ほとんどのモノマーに
対して使用可能である。その反面，反応が速く，停止反応などが起こるために形成されたネット
ワークは不均一な構造となり，ネットワーク構造の制御は困難であった。本研究では様々な方法
で高分子ゲルの構造設計を行い，それらの物性や機能性について検討した。 
 
【各章の要旨】 
第１章では，研究の背景と意義を述べ，さらに本論文を理解するための基本的な知識をまとめた。 
ネットワーク構造が高分子ゲルの物性に与える影響と従来の高分子ネットワーク形成法について
説明している。 
 
第 2 章では，精密ラジカル重合の一種である原子移動ラジカル重合（ATRP）を用いて温度応答性
ゲルであるポリ N-イソプロピルアクリルアミド（PNIPAAm）ゲルを合成し，その物性や応答性を
FRP により合成したものと比較した。PNIPAAm ゲルの物性は重合温度や架橋剤濃度によって変
化した。室温で合成した場合，ATRP により合成したゲルは，FRP により合成したものと比較し
て高い透明性や応答性を示した。一方，低温で重合した場合，ATRP と FRP により合成したゲル
の間で透明性や力学特性に大きな差は生じなかった。しかし，ATRP により合成したゲルの応答
速度は FRP のゲルよりも遅くなった。架橋剤濃度が増加すると FRP のゲルでは透明性と温度応答
性が低下したのに対し，ATRP のゲルは高い透明性と応答性を維持していた。これらの結果から，
重合法の差異がゲルの物性に大きな影響を与えることが明らかとなった。 
 
第 3 章では，第 2章で明確にした ATRP と FRP により合成したゲルの物性の差異についてネット
ワーク構造の観点から明確にするため，動的光散乱（DLS）測定により各種ゲルの構造解析を行
った結果をまとめた。DLS 測定により，散乱強度の測定位置依存性と拡散係数から相関長を算出
し，さらに散乱強度の分散から架橋の不均一性を評価した。相関長では ATRP と FRP によるゲル
の間で大きな差異は認められなかった。一方，測定位置に依存した散乱強度のばらつきの指標と
して標準偏差を比較したところ，ATRP によるゲルが FRP のゲルよりも低い値を示した。これら
の結果から，ATRP は FRP と比較してより均一なネットワーク構造を形成し，それによって ATRP
と FRPの異なる重合機構に基づいて温度応答性ゲルの物性に差異が生じたことが明らかとなった。 
第 4 章では，ATRP を用いて 4 分岐構造を有する温度応答性マクロモノマーを合成し，そのゲル
化挙動を報告した。架橋部位としてケトン基を有するジアセトンアクリルアミド（DAAm）ある
いはアリル基を有するアリルアクリルアミド（AllAm）を選択し，それぞれ N-イソプロピルアク
リルアミドと 4 分岐ブロック共重合体を合成した。DAAm を含む tetra-PNIPAAm-b-PDAAm はア
ジピン酸ジヒドラジドと反応してヒドラゾン結合を形成してゲル化した。このゲルは温度応答性
を示すほか，架橋部分の加水分解によって pH に依存する分解性も示した。AllAm を含む
tetra-PNIPAAm-b-PAllAm ではジチオールと光ラジカル開始剤を混合後，UV 照射を行うことによ
ってゲルが形成された。このゲルの架橋密度は理論値と非常に近い値となり，非常にゆっくりと
した応答速度を示した。この結果から，4 分岐構造を有する温度応答性マクロモノマーを用いて
合成したゲルは高い均一性を有することが示唆された。 
 
第 5 章では，4 分岐構造を有するポリエチレングリコール（Tetra-PEG）の末端にリガンドを導入
し，特定分子に応答してゾル-ゲル相転移する刺激応答性ポリマーについて述べた。リガンド分子
としてビオチンを用いてビオチン化 Tetra-PEG を合成した。ビオチンと生体分子複合体を形成す
るアビジンを，ビオチン化 Tetra-PEG に添加すると，溶液は瞬時にゲル化した。ビオチン化
tetra-PEG のゾル-ゲル相転移挙動はある一定のポリマー濃度とビオチン/アビジンのモル比の領域
で生じた。さらに，得られたゲルにフリーのビオチンを添加すると，ゲル状態からゾル状態へと
相転移した。 
 
第 6 章では，架橋剤濃度とモノマー濃度を調整して設計したタフなポリアクリルアミドゲル
（PAAm）ゲルについて報告した。従来の合成法である FRP を用いて架橋剤濃度とモノマー濃度
を各々変化させて PAAmゲルを合成し，引っ張り試験及び圧縮試験を行った。その結果，高いモ
ノマー濃度かつごく少量の架橋剤濃度において数MPa の破断応力，1600kJ の破壊エネルギーを示
すゲルが得られた。 
 
第 7 章では，本論文の総括を述べた。本研究では様々な方法を用いて高分子ゲルのネットワーク
構造を制御し，その物性と応答挙動に及ぼす影響などを解明することに成功した。これらの結果
は，高分子ゲルの合成法と特性の関係を理解する上で重要な情報を提供するだけではなく，優れ
た物性や機能を有する高分子ゲルの設計指針を与え，ゲルの応用の幅を広げることが可能となる
と期待できる。 
 
以上 
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1. Scope of this research 
Polymer gels are three-dimensional networks composed of polymer chains and 
crosslinks based on physical interactions or covalent bonds, which contained a large 
amount of solvent. Polymer gels behave like liquid and elastomer because of high 
diffusivity and high flexibility of their polymer chains. A lot of polymer gels which 
exhibit high water absorption and biocompatibility have been developed and widely 
used in household products such as foods, disposable diapers, soft contact lenses and so 
on. Furthermore, since volume phase transitions of polymer gels as a function of 
environmental changes like pH, temperature, solvent composition were discovered by 
Tanaka at 1980s, polymer gels have been applied as stimuli-responsive gels for 
fabricating sensors, drug delivery systems (DDS) and actuators in medical, 
environmental and energy fields. 
Unique properties of polymer gels such as elastic behavior, water-absorbing 
capacity, swelling properties are directly influence by physical and chemical structures 
of their polymer networks. Design of network structures of polymer gels is required for 
functionalizing and enhancing their properties. A conventional method to synthesize 
polymer gels is free radical polymerization (FRP). Although FRP is very convenient and 
rapid owing to high reactivity of radicals, it results in lack of control of chain 
propagation and termination. Therefore, polymer gels prepared by FRP have 
inhomogeneous network structures which cause their low mechanical and 
responsiveness. 
In this study, we designed polymer gels by various synthetic methods and evaluated 
their physical properties and functions from the viewpoint of network structures, 
followed by clarification of the effect of synthetic methods on gel properties and 
functions. Our final purpose is to dominate gel properties and functions by strategical 
designs of the network structures.  
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1.2. Network structure of polymer gels 
Polymer gels are composed of polymer network and a large amount of solvent 
(Figure 1-1). Polymer network are formed using chemically covalent bonds or 
physically bonds such as hydrogen bond or electrostatic interaction. Properties and 
functions of polymer gels are strongly affected by their network structures. Many 
researches focusing on the relationship between gel network and their properties have 
been reported. 
 
1.2.1 Mechanical properties of polymer gels 
Rubber elasticity which enables large deformation with slight stress is one of the 
physical properties of gels. Such elasticity is specific to the network structure, and 
standard elastomers consisted of polymer network without solvent exhibit elastic 
modulus of 10
5
 ~10
6
 Pa. On the other hand, the absorption of a large amount of water in 
polymer gels leads to a decrease in elastic modulus less than 10
2
~10
1
Pa, which is 
similar to elastic modulus of biological tissues. This is the reason why polymer gels 
have been applied as soft materials in biological and medical fields
1
. 
In general, polymer gels are weak and brittle compared to biological tissue such as 
cartilages. The standard polymer gels have the fracture energy with a range of 10
-1
~10 J 
m
-2 2-6
, which is much lower than the fracture energy with order of 10
3
 J m
-2
 of 
elastomers. Such low mechanical properties of polymer gels are caused by their low 
polymer volume fraction and small friction between the polymer chains
2
. Moreover, 
 
Figure 1-1. Illustration of polymer gel. 
Cross-linker
Polymer chain
Solvent
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inhomogeneity of the network structure is also responsible for the low mechanical 
strength of polymer gels. When a load is applied to a polymer gel with inhomogeneous 
structure, the stress is concentrated to the shortest chains and network defects. As a 
result, mechanical strength of polymer gels is generally weak. 
Entropy from conformation of polymer chains contributes to elastic behaviors of 
polymer gels, which are strongly affected from network structure. Several gels 
exhibiting excellent mechanical properties were prepared by structural designs of 
polymer networks. For example, slid-ring gels were strategically designed using 
polyrotaxanes in which macrocycles are threaded onto a linear polymer chain. In the 
polyrotaxane, linear polymers are not covalently bound to cyclic components
7
. In 
slide-ring gels with polyrotaxane structure, a few cyclic components form figure-eight 
structure working cross-linker
8, 9
. When a load is applied to slide-ring gels, the 
figure-eight-structured cross-linkers can freely move on linear polymers to equalize the 
tension loaded to the polymer chains. As a result, slide-ring gels exhibit high 
deformation and swelling ratio. Elastic behaviors of these gels are based on not only 
conformational entropy of polymer chains but also entropy of the mobility of cyclic 
molecules in slide-ring gels, which lead to unique properties like sliding transition
10-12
.  
Nanocomposite gels prepared using an inorganic nanoclay as a 
supermulti-functional cross-linker also exhibit high elongation, flexibility, and swelling 
ratio. Nanoclays interact with polymer chains not covalently but physically, and they 
form hydrogen bonds. When the nanocomposite gels were deformed, they were 
extended and tough
13, 14
. Furthermore, the nanocomposite gels show self-healing 
properties due to reversibly interaction between polymer chains and inorganic 
nanoclays
15-17
. 
Double network gels (DN gels) had major impact on research field of polymer gels. 
They are composed of two independently cross-linked networks interpenetrating each 
other. The first network is not covalently cross-linked with the second network in DN 
Chapter 1 Introduction 
____________________________________________________________________________________ 
____________________________________________________________________________________ 
5 
gel, which is a kind of interpenetrating polymer networks (IPNs). Differing from 
general IPNs, however, DN gels demonstrate much higher mechanical strength than 
each single network. Their mechanical strength depends on their type of polymer chains 
constituting each network of DN gels. The high strength of DN gels is based on 
energy-dissipating mechanism using sacrificial bond
18, 19
. When DN gels are expanded 
under loading, the rupture of the short-chain networks formed from the weak polymers 
occurred, which lead to energy dissipation. However, the high strength of DN gels is 
caused by the energy dissipation based on breaking weak polymer networks, DN gels 
undergo permanent damages. Several works using reversible noncovalent bond as 
sacrificial bond s have been reported to overcome the problem about permanent 
damages
19-21
.  
Elasticity of tetra-arm poly (ethylene glycol) (tetra-PEG) gels known as ideal 
networks are nearly closed to theoretical value from phantom network model. The 
network defects of Tetra-PEG gels can be controlled by modulating polymer chain 
length and reactivity, concentration during preparing
22-24
. Tetra-PEG gels provide good 
models with ideal networks for understanding the relationship between network 
structures and mechanical properties of polymer gels. 
 
1.2.2 Swelling theory of polymer gels 
Dissolution of polymers in solvents can be explained by Flory-Huggins equation, 
which contains an entropic term from configuration of polymer chains and solvents and 
an enthalpic term between polymer chains and solvents. Equation of state for polymer 
gels can be established by combining Flory-Huggins equation about polymer 
dissolution with an elasticity term from cross-linked networks. Therefore, swelling 
behavior is strongly influenced by the affinity of a polymer chain for a solvent. For 
example, when a polymer gel swollen in a good solvent is immersed in a poor solvent, 
the polymer chain gives rise to coil-globule transition. The microscopic changes of the 
Chapter 1 Introduction 
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conformation of polymer chains lead to a macroscopic volume phase transition like 
shrinkage of polymer gels. Such a volume phase transition was theoretically predicted 
by K. Dusek and D. Patterson, and was experimentally discovered by T. Tanaka
25
. 
Volume phase transition of polymer gels is described by Eq1-1, in which total osmotic 
pressure of polymer gels is derived from mixing free energy from polymer and solvent 
(ΠM), entropy from elasticity from polymer network (Πel) and mobile ions in the gel and 
in the external solution (Πion) (Figure 1-2) 
26-28
.  
Π = Π𝑒𝑙 + Π𝑀 + Π𝑖𝑜𝑛 
= 𝜈𝑘𝑡 [
𝜙
2𝜙0
− (
𝜙
𝜙0
)
1/3
] −
Δ𝐹
𝜈
𝜙2 −
𝑘𝑇
𝜈
[ln(1 − 𝜙) + 𝜙] + 𝑓 ∙ 𝜈 ∙ 𝑘𝑇 (
𝜙
𝜙0
)  Eq 1-1 
As volume transitions of polymer gels are regarded as stimuli-responsiveness, the 
polymer gels are called stimuli-responsive gels. Stimuli-responsive gels have attracted 
much attention as smart materials for fabricating sensors, drug delivery systems and 
actuators. Focusing on affinity between polymer chain and solvent, a variety of 
temperature-responsive gels have been prepared using polymer with lower critical 
solution temperature (LCST) or upper critical solution temperature (UCST). A 
representative temperature-responsive gel is a poly(N-isopropylacrylamide) 
(PNIPAAm) gel which undergoes a drastic change in the volume at 32ºC with rising 
temperature. 
Some polymer gels with acidic or basic groups also show pH-responsive behaviors 
by changes in the charge of polymer chains. Such pH-responsive gels can convert 
chemical energy by a pH change ion to mechanical energy by swelling or shrinking 
behaviors. This suggests that pH-responsive gels have potential applications as smart 
materials for fabricating chemo-mechanical systems. Moreover, polymer networks 
consisted of polyelectrolyte exhibit drastic changes in the volume in response to a pH 
change, which induces dissociation of electrolyte groups. 
Biomolecularly stimuli-responsive polymer gels that exhibit swelling/shrinking in 
response to a specific molecule were strategically designed using biomolecular 
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complexes as dynamic cross-links. Their responsive behaviors are caused by changes in 
cross-linking density of their networks. The bioconjugated polymer gels in which 
biomolecular complexes were introduced as dynamic cross-links exhibited swelling in 
the presence of a free biomolecule, which dissociated the biomolecular complexes as 
dynamic cross-links. On the other hand, biomolecularly stimuli-responsive polymer gels 
that exhibit a shrinkage in response to a target biomolecule were prepared by molecular 
imprinting which enables ligands to be arranged at optimal positions for molecular 
recognition. Their biomolecularly stimuli-responsive gels undergo changes in the 
volume in response to a target biomolecule because the number of crosslinks changes 
by the dissociation or formation of biomolecular complexes, which the entropic term 
from elasticity from polymer network in Eq 1-1. Thus, stimuli-responsive behaviors of 
polymer gels are strongly influenced by the network structures, meaning that precise 
designs of network structures are required for the developments of polymer gels with 
high properties and functionalities. 
 
1.2.3 Dynamics of swelling and shrinking of polymer gels 
Dynamics of swelling and shrinking of polymer gels is important in various 
applications such as drug delivery. Diffusion of polymer chains in polymer gels should 
be described by collective diffusion because the mobility of polymer chains is depressed 
by crosslinks
29, 30
. The collective diffusion coefficient (D) is determined by the ratio of 
the osmotic compressibility and the frictional coefficient between polymer networks and 
solvents. Based on dynamics of polymer chains of gel networks, the relaxation time () 
 
Figure 1-2. Volume phase transition of polymer gels. 
Affinity of polymer
―
―
―
―
―
―
―
―
―
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for swelling or shrinking of polymer gels is obtained by Eq1-2. 
 𝜏 =
𝑎2
𝜋2𝐷
  Eq 1-2 
Where a is the size of polymer gels. Eq 1-2 presents that the kinetics of swelling or 
shrinking of polymer gels strongly depend on their size. Macroscopic polymer gels take 
several days or weeks to reach equilibrium swelling ratio
30
. In order to achieve rapid 
swelling or shrinking, some polymer gels are downsized
31
. Swelling kinetics of polymer 
gels is also governed by network structure. A temperature-responsive PNIPAAm gel 
forms skin layer on their surface with rising temperature above its LCST. As the skin 
layer prevents water from being released, PNIPAAm gel takes long time to attain 
equilibrium swelling ratio. However, Okano et al reported that a comb-type of 
PNIPAAm gels designed by the introduction of graft polymer chains into their network 
exhibited the rapid shrinkage in response to a temperature change
32-34
. The rapid 
shrinkage of the comb-type PNIPAAm gels is attributed to the fact that dangling chains 
with the high mobility form channels in which water molecules can diffuse efficiently.  
On the other hand, the diffusion of solute molecules in gel networks is also closely 
related to the mesh size of the network and the molecular size of the solute
35
. When 
rod-like double-stranded DNA are diffusing within tetra-PEG with an ideal network 
structure, its migration behavior are expressed by a new model based on Ogston mode 
that are different from conventional network
36
. These results indicated that dynamics of 
swelling and shrinking of polymer networks and the diffusion of solute molecules 
within gel networks depend on network structures. 
 
 
  
Chapter 1 Introduction 
____________________________________________________________________________________ 
____________________________________________________________________________________ 
9 
1.3 Preparation of polymer networks 
Covalently cross-linked polymer networks are typically prepared by two methods 
as follows (Figure 1-3)
37
.  
(I) Copolymerization of monomers with multi-functional monomers as 
cross-linkers 
(II) Chemical or physical cross-linking of liner polymers 
In the method (I), chemically cross-linked polymer gels can be obtained by 
copolymerization of vinyl monomers for a main chain and divinyl monomers as 
cross-linkers in solvent. The method (I) is simple and extremely versatile as a variety of 
monomers can be used for the formation of polymer networks. Most stimuli-responsive 
polymer gels are prepared by the method (I), such as poly(acrylic acid) gels for 
superabsorbent polymer and poly(acrylamide) gel for gel electrophoresis. 
In the method (II), linear polymers with functional groups such as carboxyl groups 
and amine groups are cross-linked for the formation of hydrophilic networks. The 
method (II) involves the preparation of not only chemically cross-linked polymer gels 
but also physical cross-linked polymer such as poly(vinyl alcohol) gel which is formed 
by hydrogen bondings.  
 
Figure 1-3. Schematic illustration of gelation process. (I) Copolymerization of 
monomers with multi-functional monomers as cross-linkers and (II) Chemical or 
physical cross-linking of liner polymers. 
Polymerization
Cross-linking
(I)
(II)
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1.3.1 Polymer networks formed by free radical 
polymerization 
Free radical polymerization (FRP) is often employed for the preparation of polymer 
gels
38, 39
. Various vinyl and divinyl monomers are copolymerization by FRP in any 
solvents. Even if the feed solution contains a few impurities, FRP can proceed easily. 
Therefore, FRP is widely and industrially used as a simple and highly versatile 
polymerization method
40, 41
. 
FRP is composed of initiation, propagation, transfer and termination
42
. Initiation is 
the generation of free radicals by the decomposition of initiators using heat or light. The 
generated initiator radicals react promptly with a large amount of monomers due to the 
high activity, followed by the production of monomer radicals. The monomer radicals 
react with other monomers continuously, and the polymer chain grows (propagation). 
Terminations of polymerization occurred by combination and disproportionation 
between radical species
43
. In chain transfer, radicals at the end of the polymer chains 
transfers to another compounds, followed by the formation of other radical species. In 
FRP, slow initiation and fast propagation cause the instantaneous generation of 
polymers with high molecular weight. Molecular weight of the polymer synthesized by 
FRP is independent of polymerization time. All polymer chains after termination are 
dead and cannot grow. 
Polymer networks formed by FRP have inhomogeneous structures such as spatial 
inhomogeneities, topological inhomogeneities, and connectivity inhomogeneities 
(Figure 1-4)
44-50
. Pendant vinyl groups in the oligomer formed at the beginning of 
copolymerization of a vinyl monomer with a divinyl monomer result in intramolecular 
reaction with its own radical by slow initiation and fast propagation due to dilute 
polymer concentration (~μM). Cyclization at the beginning of polymerization causes 
topology-inhomogeneous structures such as loop chains. Cyclization hardly occurs by 
increasing polymer concentration with the progress of polymerization
51
. On the other 
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hand, an increase in the conversion leads to highly cross-linked nanodomain formed by 
Trommsdorff effect or autoacceleration
52
. High polymer concentration hampers 
terminations due to diffusional limitations of propagating radical by high viscosity. 
Then, the propagations with the monomer or cross-linker proceed explosively. 
Therefore, highly cross-linked nanodomains are formed in the network synthesized by 
FRP. Such inhomogeneity increases near critical monomer concentration and with high 
cross-linker concentration
48-50, 53
. These facts mean that the control of network 
structures by FRP is difficult. However, structural designs of polymer networks are 
required for developing polymer gels as smart materials since their structures affect the 
properties and functions. 
 
1.3.2 Control of network structures 
In structural designs of polymer networks, ideal network is the most precisely 
designed structure. Some researchers reported that crosslinking of linear polymer chains 
enables to form more homogeneous network. Gelation of PNIPAAm using γ-irradiation 
has been reported by Norisuye et al. The resulting PNIPAAm gels exhibited different 
shrinking kinetics from those prepared by conventional FRP. This is attributed to the 
fact that network formed by γ-irradiation was less inhomogeneous than that by FRP 54-56. 
The most precisely designed polymer gels with an ideal network structure are 
four-armed poly (ethylene glycol) (tetra-PEG) gels prepared by AB-type cross-link 
coupling of tetra-PEGs with functional groups at the chain ends. Reaction between an 
 
Figure 1-4. Inhomogeneous structures of polymer gels. 
topological
inhomogeneities
connectivity 
inhomogeneities
spatial 
inhomogeneities
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amino group and a succinimidyl group was chosen as coupling reaction for the 
formation of tetra-PEG gels. Light scattering method revealed that the tetra-PEG gels 
had homogeneous networks like a diamond structure. Many research have been 
indicated that gelation by copolymerization of monomer and cross-linker is difficult to 
precisely design polymer network.  
Controlled radical polymerization (CRP) have attracted much attention because of 
high possibility of well-designing network structures in recent years. CRP includes atom 
transfer radical polymerization (ATRP), reversible addition−fragmentation 
chain-transfer polymerization (RAFT), and nitroxide mediated polymerization (NMP) 
(Scheme 1-1)
57, 58
.  
The mechanisms for all CRPs are established by equilibration between minute 
active species and a large amount of dormant species exhibiting no activity. 
Equilibration keeps constant concentration of active species, leading to suppress 
terminations of polymer chains. In addition, as active species return to dormant species 
rapidly, propagation does not proceed on only specific polymer chains but occurs on 
every polymer chains evenly, generating polymers with a narrow distribution of the 
molecular weight. Activity of chain ends in CRP is not dead but “living” in the end of 
polymerization. Therefore, when a monomer is added after the first polymerization, 
propagation reaction occurs again. 
 
Scheme 1-1. Mechanism of general CRP method. 
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A few researchers prepared polymer networks by CRP, and reported that CRP 
enables the formation of more homogeneous networks than FRP. At the beginning of 
copolymerization of a monomer and a cross-linker, most initiators are converted to 
dormant species due to fast initiation and high deactivity. The dormant species can 
diffuse in the polymerization solution and extended polymer networks form without 
aggregations. As a result, CRP forms the infinite clusters with relatively homogeneous 
networks. Moreover, enhanced deactivation in equilibration allows to obtain 3D single 
cyclized polymeric materials
59, 60
. These researches have elucidated a new kinetics 
model for gelation based on Flory-Stockmayer theory using two parameters. One 
parameter is the growth boundary meaning distance from the propagating center, which 
depends on the kinetics chain length of the polymerization. The second parameter is the 
polymer chain dimensions that are influenced by chain length and concentration of the 
polymer chain
59
. High rate of dormant species results in extremely small growth 
boundary that induces intramolecular crosslinking 
59-61
. On the other hand, 
intermolecular crosslinking increased because high chain concentration is caused by 
high initiator concentration
62
. Under this condition, no gelation occurs despite high 
conversion (~60%). These results suggest that CRP have high potential in controlling 
the structure of polymer networks. 
 
1.4 Contents of this study 
In this study, we attempted the preparation of polymer gels with well-designed 
network structures by a variety of synthetic methods. 
Chapter 2 describes the synthesis of poly(N-isopropylacrylamide) (PNIPAAm) gels 
as typical temperature-responsive hydrogels by ATRP and compares their mechanical 
and temperature-responsive properties with those of standard PNIPAAm gels prepared 
by FRP. In Chapter 2, the mechanical and temperature-responsive properties of 
PNIPAAm gels prepared by ATRP and FRP are discussed from the viewpoint of their 
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network structures formed by different polymerization methods. 
Chapter 3 describes the characterization of network structures of PNIPAAm gels 
prepared by ATRP and FRP using dynamic light scattering (DLS). The DLS 
measurements revealed that the network structure PNPAAm gels prepared by ATRP was 
more homogeneous than those by FRP. 
Chapter 4 focuses on the preparation of PNIPAAm gels from 4-armed PNIPAAm 
oligomers (Tetra-PNIPAAm) precisely synthesized by ATRP. In Chapter 4, the gelation 
behavior, mechanical properties and temperature-responsive properties of 
Tetra-PNIPAAm gels are discussed. 
Chapter 5 describes the synthesis and sol-gel transition behavior of biomolecularly 
stimuli-responsive polymers designed by bioconjugation of biotin with a 4-armed 
polyethylene glycol (Tetra-PEG). The biotinylated Tetra-PEG underwent the phase 
transition from a sol to a gel state in response to avidin. Chapter 5 presents the phase 
diagram of the sol–gel transition of biotinylated Tetra-PEG in a buffer solution as a 
function of polymer concentration and the biotin/avidin molar ratio. 
Chapter 6 focuses on poly(acrylamide) (PAAm) gels with high mechanical 
properties, which were prepared by adjusting monomer concentration and cross-linker 
content. The PAAm gels demonstrated ten times higher extension than standard PAAm 
gels and withstood against the compression pressure of several MPa 
Chapter 7 describes the summary of each chapter and the futures of polymer gels 
precisely designed by various synthetic methods. 
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2.1 Introduction 
Polymer gels exhibit high water absorption and swelling behaviours due to their 
three-dimensional networks of hydrophilic polymers. The structural design of gel 
networks using synthetic methods is required because the physical and chemical 
properties of polymer gels directly depend on their network structure. Recently, various 
types of polymer gels with unique network structures were developed, and the gels 
showed excellent properties, such as good mechanical properties. For example, 
slide-ring gels, which have polyrotaxane cross-links composed of α-CDs and 
poly(ethyleneglycol) (PEG), exhibited elongation because the threaded-PEG chains can 
freely move to equalize tension in the polymer chains
1-3
. In addition, Sakai et. al. 
developed PEG gels with ideal network structures using tetrahedron-like PEG 
macromonomers (Tetra-PEGs). The homogeneous networks with diamond structures 
were easily formed by mixing Tetra-PEGs with succinimide and amino group
4-6
. The 
resulting Tetra-PEG gels showed excellent mechanical properties due to the 
homogeneous networks. Because the Tetra-PEG gels also have a good biocompatibility 
due to the PEG components, they are expected to be promising biomaterials as 
reservoirs for drug delivery and scaffolds for cell cultures.  
Some polymer gels undergo changes in volume in response to external stimuli, such 
as the pH 
7-9
, temperature
10-18
, and electrical field
19, 20
. In the past few decades, 
stimuli-responsive gels have attracted considerable attention as smart, soft materials for 
drug delivery systems, sensors, and actuators. Since the smart properties of 
stimuli-responsive gels, such as the volume changes and responsive behaviour, are 
strongly influenced by the network structures, potential applications of gels require 
design of the network structures and architectures. For example, temperature-responsive 
gels with a comb-type grafted structure exhibit rapid shrinkage with an increasing 
temperature
14
. We strategically designed molecularly stimuli-responsive gels using 
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molecular complexes as reversible cross-links in the networks. The molecularly 
stimuli-responsive gels undergo changes in volume in response to a target molecule, 
such as glucose, antigen, a tumour marker or endocrine disrupting chemical
21-26
. In 
addition, molecular imprinting enabled us to design the network structure of the 
molecularly imprinted stimuli-responsive gels, and the ligands for a target molecule 
were arranged in optimal positions for molecular recognition. 
In general, polymer gels are synthesized via free radical polymerization (FRP). 
However, gel networks synthesized via FRP are likely to have inhomogeneous 
structures because of the slow initiation, fast chain propagation and termination 
reactions in FRP
27-31
. In the initial stage of polymerization, the copolymer chains that 
are produced are not entangled due to the extremely low polymer concentration. Then, 
the pendant vinyl groups that are based on the cross-linker in the copolymer are 
consumed by intramolecular cyclization, and this is followed by the formation of highly 
cross-linked nanodomains. However, when the polymer concentration increases as the 
conversion increases, the diffusion of the polymer chains decreases and depresses the 
biomolecular termination between the two polymer chains. Then, the polymer chains 
grow explosively via the propagation reaction of the carbon radical from the produced 
copolymer with the monomer or cross-linker. The propagation reaction with the 
cross-linker results in the formation of highly cross-linked microgel domains. In gels 
synthesized via FRP, the highly cross-linked microgel domains are inhomogeneously 
distributed
27-31
.  
 In contrast, controlled radical polymerization (CRP) includes a rapid, dynamic 
equilibrium between a small amount of growing free radicals and many dormant 
species
31-35
. Atom transfer radical polymerization (ATRP) is a type of CRP that uses the 
reversible redox process of transition metal complexes. ATRP allows us to synthesize 
well-defined polymers with controlled molecular weights and a narrow polydispersity. 
Furthermore, ATRP has been successfully used to design various polymers with 
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controlled topologies and architectures, e.g., linear polymers, branched polymers, star 
polymers and polymer networks
31, 34-38
.  
 Poly(N-isopropylacrylamide) (PNIPAAm) is a representative 
temperature-responsive polymer, which dissolves in aqueous media below its lower 
critical solution temperature (LCST) and precipitates above its LCST
39-41
. PNIPAAm 
has attracted attention as a main chain for the design of temperature-responsive gels. 
The PNIPAAm gels undergo a volume phase transition in aqueous media in response to 
the temperature. Therefore, PNIPAAm gels have many potential applications as smart, 
soft materials for DDS, sensors and actuators. Controlling the network structures of 
PNIPAAm gels can enhance their physical and chemical properties, including their 
mechanical properties and temperature-responsiveness, compared to the properties of 
gels with inhomogeneous networks, which exhibit poor mechanical properties and low 
responsiveness. Here, we report a comparison of the mechanical and 
temperature-responsive properties of PNIPAAm gels synthesized via ATRP and FRP in 
regard to their network homogeneity. 
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2.2 Experimental 
2.2.1 Materials 
N-Isopropylacrylamide (NIPAAm), N, N'-methylenebisacrylamide (MBAA), N, N, 
N', N'-tetamethylethylenediamine (TEMED), ammonium persulfate (APS), copper (II) 
chloride and ascorbic acid were purchased from Wako Pure Chemical Industries (Wako, 
Japan). 2-chloropropionamide (2-Cl-PA) was purchased from Sigma-Aldrich (Tokyo, 
Japan). tris[2-(dimethylamino)-ethyl]amine (Me6TREN) was purchased from Alfa 
Aesar (Ward Hill, MA). 
 
2.2.2 Synthesis of PNIPAAm by ATRP 
NIPAAm, which was recrystallized from benzene/hexane prior to use, 2-Cl-PA, 
copper (II) chloride, and Me6TREN were dissolved in deionized water to prepare an 
aqueous monomer solution for ATRP. Ascorbic acid was each dissolved in deionized 
water. The total volume of reaction solution became 2.9 mL using deionized water. The 
resulting mixture and the aqueous ascorbic acid solution were degassed using 
freeze-pump-thaw cycles and purged with Ar. Next, the aqueous ascorbic acid solution 
(0.1mL) was added to the mixture with a syringe under Ar and under positive pressure, 
and polymerization was started at 5 ºC. Smaller sample were withdrawn through a 
degassed syringe at each time to measure their conversion. After 22 hours, the reaction 
mixtures were exposed to the ambient atmosphere to quench the polymerization. 
[NIPAAm] : [2-Cl-PA] : [CuCl2] : [Me6TREN] : [Ascorbic acid] = 1.33M : 3.3×10
-3
M : 
2.7×10-
-3
M : 3.6×10
-3
M : 3.2×10
-3
M. 
 
2.2.3 
1
H-NMR measurements 
Conversions of PNIPAAm were determined by 1H-NMR. Each sample were 
dissolved in D2O. 
1
H NMR spectra were measured on JEOL JNM-ECS 400 
spectrometer using tetramethylsilane as the internal standard.  
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2.2.4 Gel permeation chromatography (GPC) of PNIPAAm 
The molecular weights of PNIPAAm at each polymerization time were determined 
using GPC (SIMAZU, 8020). Their polymers were dissolved in a dimethylformamide 
(DMF) contained 10mM lithium chloride (LiCl). Operating temperature was 40 ºC. 
Columns were PLgel 5μm MIXED-C. The GPC eluent was a DMF contained 10mM 
LiCl at a flow rate of 0.5 mLmin
−1
. Calibration was conducted using a series of linear 
PEGs standards (Mw=982–87,900). 
 
2.2.5 Synthesis of PNIPAAm gels by ATRP 
The PNIPAAm gels were prepared using glass molds in a test tube. NIPAAm, 
which was recrystallized from benzene/hexane prior to use, 2-Cl-PA, copper (II) 
chloride, and Me6TREN were dissolved in deionized water to prepare an aqueous 
monomer solution for ATRP. MBAA, as a cross-linker, and ascorbic acid were each 
dissolved in deionized water. The aqueous MBAA solution was added to the monomer 
solution to achieve a total volume of 2.9 mL. The resulting mixture and the aqueous 
ascorbic acid solution were degassed using freeze-pump-thaw cycles and purged with 
Ar. Next, the aqueous ascorbic acid solution was added to the mixture with a syringe 
under Ar and under positive pressure, and polymerization was started at 5 ºC, 10 ºC, 20 
ºC and 25 ºC using a temperature controller. After 22 hours, the reaction mixtures were 
exposed to the ambient atmosphere to quench the polymerization. 
[NIPAAm] : [2-Cl-PA] : [CuCl2] : [Me6TREN] : [Ascorbic acid] = 1.33M : 3.3×10
-3
M : 
2.7×10-
-3
M : 3.6×10
-3
M : 3.2×10
-3
M. [MBAA]= 1.3×10
-2
M (1mol%), 4.0×10
-2
M 
(3mol%), 6.7×10
-2
M (5mol%), 1.3×10
-1
M (10mol%), 1.7×10
-1
M (13mol%) 
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2.2.6 Synthesis of PNIPAAm gels by FRP 
The NIPAAm, which was recrystallized from benzene/hexane prior to use, and 
TEMED were dissolved in deionized water to prepare an aqueous monomer solution for 
FRP. MBAA and APS were dissolved in deionized water. The aqueous MBAA solution 
was added to the aqueous monomer solution to achieve a total volume of 2.9 mL. The 
resulting mixture and aqueous APS solution were degassed using freeze-pump-thaw 
cycles and purged with Ar. After the aqueous APS solution was added to the mixture, 
polymerization was started at 5 ºC, 10 ºC, 20 ºC and 25 ºC using a temperature 
controller. After 22 hours, the reaction mixtures were exposed to the ambient 
atmosphere to quench the polymerization. 
[NIPAAm] : [TEMED] : [APS] = 1.33M : 2.6×10
-2
M : 4.9×10
-3
M. [MBAA]= 
1.3×10
-2
M (1mol%), 4.3×10
-2
M (3mol%), 7.0×10
-2
M (5mol%), 1.4×10
-1
M (10mol%), 
1.8×10
-1
M (13mol%). 
 
2.2.7 Conversion measurements 
After PNIPAAm gels were synthesized via ATRP and FRP, they were washed by 
the immersion in water for 2 weeks to completely remove unreacted monomers and 
initiators. The PNIPAAm gels were weighed (Wdried gel) after they were dried at 70 °C 
in an oven for two days. Wdried gel means the total weight of polymerized NIPAAm 
and MBAA. Conversion of the monomers after the gel formation were determined from 
Wdried gel and the total weight (Wmonomer) of NIPAAm and MBAA in a feed 
solution of ATRP and FRP using Eq 2-1 
𝐂𝐨𝐧𝐯𝐞𝐫𝐬𝐢𝐨𝐧 (%) =
𝑾𝒅𝒓𝒊𝒆 𝒈𝒆𝒍
𝑾𝒎𝒐𝒏𝒐𝒎𝒆𝒓
× 𝟏𝟎𝟎  Eq 2-1 
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2.2.8 Water content measurements 
The PNIPAAm gels synthesized by ATRP and FRP were swollen to equilibrium in 
water at various temperatures. Then, the swollen gels were weighed (Wswollen gel). The 
gels were weighed (Wdried gel) after they were dried at 70 °C in an oven for two days. 
The equilibrium water content of the PNIPAAm gels at various temperatures was 
determined using Eq 2-2. 
𝐖𝐚𝐭𝐞𝐫 𝐜𝐨𝐧𝐭𝐞𝐧𝐭 (%) =
𝑾𝒔𝒘𝒐𝒍𝒍𝒆𝒏 𝒈𝒆𝒍−𝑾𝒅𝒓𝒊𝒆𝒅 𝒈𝒆𝒍
𝑾𝒔𝒘𝒐𝒍𝒍𝒆𝒏 𝒈𝒆𝒍
× 𝟏𝟎𝟎   Eq 2-2 
 
2.2.9 Compression measurements 
 The PNIPAAm gels synthesized by ATRP and FRP were swollen to equilibrium in 
water at 25 °C. The compression tests of the swollen gels were performed using a 
compression velocity of 10 mm min-1 and a mechanical testing instrument (SMT1-2-N, 
Shimadzu Co. Ltd., Kyoto). Using Eq 2-3, the elastic modulus of the gels was 
determined from the strain-stress curves obtained by the compression tests. 
𝝈 = 𝑮(𝜶 − 𝜶−𝟐)  Eq 2-3 
where σ is the compression stress, G is the elastic modulus, and α is the ratio of the 
thickness of the gel before and after the compression. Strain between 0 and 0.3 were 
used to determine the compressive modulus. A plot of σ vs (α-α-2) showed a linear 
relationship. The slope of the linear relationship provided the G value. The effective 
crosslinking density, νe, of the gel was determined by equation Eq 2-4 
 𝑮 ≈ 𝑹𝑻𝝂𝒆𝝓
𝟏/𝟑  Eq 2-4 
Where R is the gas constant, T is the absolute temperature (K), and ϕ is the polymer 
weight fraction of the swollen gel. 
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2.3 Results and Discussion 
2.3.1 Synthesis of PNIPAAm by ATRP 
Figure 2-1 shows NMR spectra of PNIPAAm before purify. After polymerization 
22hr, integral of double bond signal at 5.48~5.95 ppm became decreased compared to 
0.5hr and there were appeared peak of back born chain at 2.0~1.6 ppm. It was success to 
synthesis of PNIPAAm using ATRP. The conversions of PNIPAAm at different 
polymerization time were calculated on the basis of the integration ratio of signals of 
isopropyl group at 0.83～1.43ppm to the signals of double bond at 5.48~5.95 ppm. 
Conversion were increased with polymerization time and reached plateau until 6 hour 
(figure 2-2). Molecular weight and polydispersities (Mw/Mn) were obtained by GPC 
measurement. Molecular weights increased linearly with conversion and Mw/Mn 
decrease with conversion (Figure 2-2), which is in good agreement with the theoretical 
curve
32
. It suggested that produced of PNIPAAm using ATRP were successful. 
 
 
Figure 2-1. 
1
H NMR spectra of PNIPAAm. Polymerization time were (a) 0.5hour and 
(b) 22hour. 
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2.3.2 Transparency of PNIPAAm gels effect of polymerization 
temperature 
The PNIPAAm gels synthesized via ATRP and FRP were named ATRP gel and FRP 
gel, respectively. Polymerization temperature affected transparency of PNIPAAm gels 
synthesized by both of ATRP and FRP, shown Figure 2-3. Both ATRP and FRP were 
highly transparent when they were synthesized at 5°C. Transparency of FRP gels are 
gradually decreased with increasing polymerization temperature. ATRP gels show high 
transparency at 5°C ~ 20°C. At polymerization temperature 25ºC, FRP gels became 
completely opaque while that by ATRP gels were more transparent as compared to FRP. 
In general, the transparency of polymer gels is closely related to their network 
structure
42, 43
. For example, polymer gels with a macroscopically inhomogeneous 
structure, such as a phase separation, become opaque. Figure 2-3 demonstrates that the 
ATRP and FRP gels synthesized at 25°C had more inhomogeneous polymer networks 
than the gels synthesized at 5°C because the former exhibited a lower transparency than 
the latter. The inhomogeneous networks were based on the phase separation of 
PNIPAAm in water, which might be induced by the heat of polymerization. Because the 
 
Figure 2-2. (a) kinetics plot for ATRP of PNIPAAm and (b) molecular weight (Mn) 
and polydispersity (Mw/Mn) of the resulting PNIPAAm linear polymer synthesized 
by ATRP. 
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propagation reaction of FRP is fast, the heat of polymerization sometimes increases the 
temperature of the polymerization solution. In contrast, ATRP can control the 
equilibrium between the propagating radicals and the dormant species. The slow chain 
propagation reaction in ATRP does not lead to an increased temperature, and PNIPAAm 
does not phase separate in water during the polymerization. 
 
2.3.3 Mechanical properties of PNIPAAm gels effect of polymerization 
temperature 
We performed compression measurements to compare the mechanical properties of 
the ATRP and FRP gels. Figure 2-4 shows the stress-strain curves for the ATRP and FRP 
gels synthesized at 5°C and 25°C. The ATRP and FRP gels synthesized at 5°C exhibited 
the same stress-strain curves. Using the initial slopes of the curves, the elastic moduli of 
the ATRP and FRP gels synthesized at 5°C were calculated to be 28.6 kPa and 34.4 kPa, 
respectively. The water contents of the ATRP and FRP gels were 86.9% and 76.3%, 
respectively. Therefore, although the stress-strain curves of the ATRP and FRP gels 
were not different, the elastic modulus of the ATRP gel was less than that of the FRP gel 
because of its higher water content. However, the stress-strain curve of the ATRP gel 
synthesized at 25°C was different from that of the FRP gel. The ATRP gel synthesized at 
25°C showed a slightly higher breaking stress than the FRP gel. The elastic moduli of 
 
Figure 2-3. Photographs of PNIPAAm gels synthesized by ATRP and FRP at 5
o
C, 
15
o
C, 20
o
C and 25
o
C. Cross-linker content was 3.0mol%. 
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the ATRP and FRP gels synthesized at 25°C were 9.60 kPa and 0.73 kPa, respectively. 
The elastic moduli of the ATRP and FRP gels synthesized at 25°C were much lower 
than those synthesized at 5°C. The water contents of the ATRP and FRP gels were 
90.9% and 91.3%, respectively. The ATRP gel showed a higher elastic modulus than the 
FRP gel, despite their similar water contents. The similar water content indicated that 
the polymer fraction of the ATRP gel is almost the same as that of the FRP gel. 
Therefore, we concluded that the different network structure formed by the ATRP and 
FRP caused the differences in the elastic modulus and the stress-strain curves of the 
ATRP and FRP gels synthesized at 25°C. The higher elastic modulus of the ATRP gel 
than of the FRP gel might be attributed to a more homogeneous network in the ATRP 
gel than that in the FRP gel.  
Using the elastic modulus of the gels, we determined that the cross-linking densities 
of the ATRP and FRP gels, shown Figure 2-5. Both of ATRP gel and FRP gel show that 
crosslinking densities were decrease with raise temperature in spite of same cross-linker 
content. These differences might be considered to have been caused by conversion or 
network structure. Conversions of FRP gels were constant with any polymerization 
temperature, shown Table 2-1. At low polymerization temperature, there were lower 
 
Figure 2-4. Stress-strain curves for PNIPAAm gel synthesized by ATRP and FRP at 
5°C (a) and 25°C (b). Cross-linker content was 3.0mol%. 
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conversions of ATRP gels as compared to FRP gels. It considered that kinetics of ATRP 
become slower at low temperature and easier to inactive. However, at room temperature 
both conversions showed above 80%. This result suggested that it caused by network 
structure to difference of transparent and crosslinking densities between ATRP and FRP. 
It is well known that defect of network such as loops and dangling chain ends 
greatly affect elastic modulus because they are not able to contribute to elasticity
44
. Both 
gel synthesized by ATRP and FRP were formed more inhomogeneous network with 
raise polymerization temperature. However, ATRP can be successful to prepare more 
homogeneous network despite high polymerization temperature. 
 
  
 
Figure 2-5. Effect of the polymerization temperature (
o
C) on the crosslinking density 
of PNIPAAm gels synthesized by ATRP (●) and FRP (●).Cross-linker content was 
3mol%. 
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2.3.4 Heat of polymerization for PNIPAAm 
Gel network formed at higher temperature than LCST become inhomogeneous. 
Because there are polymer rich domains and loosely tied chain by occurred aggregation 
of PNIPAAm
45
. Our polymerization temperatures were not above LCST in both ATRP 
and FRP. However, in FRP there was increased temperature above LCST in system to 
generate heat of polymerization because of fast chain propagation (Figure 2-6 and 
Figure 2-7). Therefore, FRP gels were formed more inhomogeneous network. We 
measured temperature in system when PNIPAAm was polymerized by ATRP and FRP. 
PNIPAAm synthesized by FRP became opaque as soon as APS solution was added and 
temperature increased above 30ºC. It means to be caused aggregation of PNIPAAm. On 
the other hand, there was no significant increase of temperature in ATRP more than 
30ºC. It was due to slow chain propagation of ATRP process which prevent from rising 
temperature in system. However, the solution changed their color to white from 5min to 
15min after addition of ascorbic acid. It was attributed to aggregation of PNIPAAm in 
microscopic area. Decrease of crosslinking densities are caused by rising 
polymerization temperature because of aggregation of PNIPAAm. 
 
 
Table 2-1. Conversion of total monomers after the PNIPAAm gels with various 
polymerization temperature synthesized by ATRP and FRP. Cross-linker content was 
3mol%. 
Polymerization temperature 
(ºC) 
Conversion (%) 
ATRP FRP 
5 90.3 81.2 
15 81.4 95.9 
20 77. 9 84.7 
25 76.3 82.2 
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Figure 2-6. Temperature during polymerization of PNIPAAm by ATRP (●) and FRP 
(●) at 25ºC. 
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Figure 2-7. Photographs of PNIPAAm synthesized by ATRP and FRP at 25ºC. 
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2.3.5 Temperature-responsive properties of PNIPAAm gels effect of 
polymerization temperature 
The PNIPAAm gel undergoes a volume phase transition from a swollen state to a 
shrunken state at 32°C as the temperature increases
39
. Figure 2-8 shows the temperature 
dependence of the water content in the ATRP and FRP gels synthesized with a 
cross-linker content of 3 mol% at 5, 15, 20 and 25°C. Both the ATRP and FRP gels 
synthesized at 5°C-20°C exhibited a sharp volume phase transition at 32°C, which is the 
LCST of PNIPAAm. However, the temperature-responsive shrinkage of the ATRP gel 
synthesized at 25°C was quite different from that of the FRP gel synthesized at 25°C. 
The water content for the ATRP gel synthesized at 25°C drastically decreased above 
32°C, but the decrease in the water content in the FRP gel synthesized at 25°C was very 
small. The difference in the temperature-responsive behaviour between the ATRP and 
FRP gels synthesized at 25°C might be attributed to the inhomogeneity of their 
networks, which is affected by the polymerization method and the polymerization 
temperature. Figure 2-9 show response kinetics of PNIPAAm gel at each at each 
polymerization temperature. In FRP, response kinetics became faster with increasing 
polymerization temperature (5-20ºC). It has been reported by yoshida et al
14
, 
topological inhomogeneity greatly affects the response kinetics. Dangling chains 
promote shrinkage behavior because they form hydrophobic region which provide 
efficient water diffusion channels. Our results indicated topological inhomogeneity such 
as dangling chain increases in the network as the polymerization temperature increases. 
This is in good agreement with the decrease in the crosslinking density obtained from 
the elastic modulus as the polymerization temperature raise. In case of ATRP gels, there 
was no change in response kinetics between polymerization temperature 5 ºC and 15 ºC, 
20 ºC. However, the response kinetic of ATRP gel at 25 ºC was faster than that at low 
polymerization temperature. It is because of increasing inhomogeneity in network with 
increasing polymerization temperature. As compared to FRP, ATRP show slower 
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shrinking kinetics of PNIPAAm gel at polymerization temperature 5ºC, 15ºC, 20ºC. 
Shrinking kinetics in homogeneous network became slower than inhomogeneous 
network (Figure 2-10). ATRP gels were more homogeneous than FRP gels. From the 
viewpoint of crosslinking density, ATRP gels exhibited lower crosslinking densities 
when polymerization temperatures were at 5 ºC ~ 20 ºC. If the shrinking kinetic in 
ATRP gel is increased due to less formation of dangling chains, the elastic modulus of 
the ATRP gel should be higher than that of the FRP gel. However, actually, our results 
show opposite. It suggested that slower kinetics shrinking of ATRP gel were affected by 
other reason. We focused on the skin layer. ATRP formed more homogeneous and 
denser skin layer which prevents release water. It results in slow shrinking kinetics. 
From our results, it can be inferred that the ATRP gels allow to form more homogeneous 
network than FRP gel. 
 
 
Figure 2-8. Relationship between temperature and water content of PNIPAAm gels 
synthesized by ATRP (─) and FRP (─) at (a) 5ºC, (b) 15ºC, (c) 20ºC and (d) 25 ºC. 
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Figure 2-9. Variation in water content of PNIPAAm gels synthesized by ATRP (─) 
and FRP (─) after T-jump from 25ºC to 40ºC. Polymerization temperature were (a) 
5ºC, (b) 15ºC, (c) 20ºC and (d) 25 ºC. Cross-linker content was 3.0mol% 
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Figure 2-10. Network structures of the ATRP and FRP gels synthesized at a low 
temperature. 
ATRP gel
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2.3.6 Transparency of PNIPAAm gels effect of cross-linker content 
We compared ATRP with FRP on the effect of cross-linker content when 
polymerization temperature was 5ºC. Both the ATRP and FRP gels with a low 
cross-linker content (1mol%, 3mol%, 5mol%) showed high transparency (Figure 2-11). 
With increasing cross-linker content, FRP gels became opaque but ATRP gels kept 
transparent. The ATRP and FRP gels synthesized at low temperature had more 
homogeneous network structures than those at high temperature because the 
polymerization at low temperature did not induce the phase separation of PNIPAAm in 
water. However, even if the PNIPAAm gels were synthesized at a low temperature, 
Figure 2-11 shows that increasing cross-linker content resulted in the formation of 
inhomogeneous PNIPAAm networks. In the polymerization at 5ºC, the temperature of 
the polymerization solution was kept below LCST. This means that the inhomogeneous 
networks of PNIPAAm gels with high cross-linker content, synthesized by FRP at 5ºC, 
were not caused by the phase separation of PNIPAAm in water. Figure 2-11 
demonstrates that there was a quite difference in the transparency, that is, network 
structure between ATRP and FRP gels with a cross-linker content of 10 and 13 mol%. It 
should be noted that the ATRP gels kept homogeneous network structures despite 
increasing cross-linker content. This suggests that ATRP enables the cross-links, based 
on MBAA, to be homogeneously introduced into the PNIPAAm networks. 
 
 
Figure 2-11. Photographs of PNIPAAm gels with various cross-linker contents 
synthesized by ATRP and FRP at 5°C. 
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2.3.7 Mechanical properties of PNIPAAm gels effect of cross-linker 
content 
We calculated the crosslinking density with each cross-linker contents from the 
elastic modulus as prepared and after swelling (Figure 2-12). The crosslinking density 
of ATRP and FRP increased in proportion to the cross-linker content until 5 mol% both 
as prepared and after swelling. However, with 10 mol% and 13 mol%, there was no 
change in the crosslinking density of both ATRP gels and FRP gels. 
It is considered that the cross-linker agent could not become effective crosslinking point 
because high cross-linker content lead to more inhomogeneous network than low 
cross-linker content. These results were good agreement with transparency date (Figure 
2-11). Table 2-2 denoted conversion with each cross-linker content. Below 0.5mol% 
cross-linker content, we could not obtain ATRP gels that allow to measure compression 
test. In case of ATRP, the number of propagating polymer chains is close to initiator
37
. 
When cross-linker concentration is lower than initiator concentration, pendant vinyl 
group are formed on not all propagating polymer chain and it is not enable some 
polymer chain to be integrated into network. Thus, ATRP gels with low cross-linker 
content show low conversion.  In contrast, FRP gels show constant conversion in low 
cross-linker content. FRP form high molecular weight due to high reactivity. Since it 
lead to entanglement of polymer chain that act as cross-linker, conversion of FRP gels 
are still higher at low cross-linker content. 
ATRP gels showed not change crosslinking density between as-prepared and after 
swelling. On the other hand, in FRP gels crosslinking density after swelling were lower 
than as prepared. Since the crosslinking density is taken into consideration at the weight 
fraction of the polymer, even if the degree of swelling changes, it will not change 
inherently. Theoretically, the crosslinking density does not change even if swelling ratio 
changes because it calculates it considering the swelling ratio. However, our results are 
different from this. It may result from inhomogeneous network. In theoretical the gel 
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network swells isotropically. In the case of FRP gel, swelling is not caused isotropically 
because the networks have dense and loose parts. Since ATRP gels show more 
homogeneous network, it causes theoretical swelling and result in same crosslinking 
density between as prepared and after swelling.  
 
 
Figure 2-12. Dependence of Cross-linker content in crosslinking density calculated 
by elastic modulus of PNIPAAm gels synthesized by ATRP (●) and FRP (●) (a) as 
prepared and (b) after swelling. Polymerization temperature was 5ºC. 
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Table 2-2. Conversion of total monomers after the PNIPAAm gels with various 
cross-linker contents were synthesized by ATRP and FRP. Polymerization 
temperature was 5ºC. 
MBAA content 
(%) 
Conversion (%) 
ATRP FRP 
0.05 × 82.8 
0.1 × 88.1 
0.5 47.9 86.2 
1 32.7 78.6 
3 67.5 81.2 
5 80.6 94.3 
10 70.3 81.0 
13 80.0 74.6 
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2.3.8 Temperature-responsive properties of PNIPAAm gels effect of 
cross-linker content  
Next, we investigated their temperature responsive properties (Figure 2-13 and 
Figure 2-14).Both ATRP gel and FRP gel show decrease temperature responsiveness as 
increased cross-linker content (1-10mol%). When cross-linker content was 13mol%, 
there was not responsiveness in FRP, whereas the ATRP gel showed responsiveness. 
Some research has been reported that a change in the crosslinking density do not lead to 
significantly changes the phase-transition temperature
46, 47
. It suggested that decreased 
temperature responsiveness did not induce to shift of LCST. On the other hand, 
increasing amount of cross-linker agents result in only decrease swollen volume and not 
change shrinking volume
46, 47
. It implies that changes of water content are decrease with 
increasing cross-linker content. Therefore, high cross-linker content lead to not sharply 
temperature-responsiveness. However, ATRP gel exhibited higher 
temperature-responsiveness than FRP despite higher crosslinking density than FRP. It 
considered that ATRP gel and the FRP gel did not show responsiveness because the 
network structure was different and the FRP gel. 
Figure 2-14 shows the kinetics of the temperature-responsive shrinkage of the 
ATRP and FRP gels synthesized after the temperature increased from 25°C to 40°C. 
Compared ATRP gel and FRP gel with 1mol% cross-linker content, FRP gel took longer 
to reach an equilibrium shrunken state than the ATRP gel. The shrinking kinetics of 
PNIPAAm gel is influenced by polymer concentration. When the polymer concentration 
is low, a lot of loop chains and dangling chains are formed, so that the shrinking kinetics 
becomes faster. In case of 1mol% cross-linker content, conversion of each gels were 
32.7% (ATRP gel) and 78.6% (FRP gel), respectively (Table 2-2). It indicated that 
polymer concentration of ATRP gel was lower than that of FRP gel so that lead to rapid 
shrinking behavior. Higher cross-linker content, both gels of ATRP gel and FRP gel 
show faster shrinking kinetics. It results from inhomogeneous network.  
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Figure 2-13. Relationship between temperature and water content of PNIPAAm gels 
with various cross-linker contents synthesized by ATRP (●) and FRP (●) at 5oC.  
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Figure 2-14. Variation in water content of PNIPAAm gels with various cross-linker 
content synthesized by ATRP (─) and FRP (─) after T-jump from 25ºC to 40ºC. 
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2.4 Conclusions 
We investigated the mechanical properties and responsiveness of PNIPAAm gels 
synthesized via ATRP and FRP. The temperature-responsive behavior of the PNIPAAm 
gels was strongly affected by the polymerization method, polymerization temperature 
and cross-linker content. The different polymerization methods (ATRP and FRP) lead 
to different mechanical and responsive properties in the PNIPAAm gels. In the case of 
polymerization at 25°C, the ATRP gels showed better mechanical properties and 
temperature-responsiveness than the FRP gels. The differences in the mechanical and 
responsive properties between ATRP and FRP were caused by the gel network structure. 
The ATRP gels had more homogeneous networks than the FRP gels. On the other hands, 
the ATRP and FRP gels synthesized at 5°C exhibited similar mechanical properties and 
temperature-responsiveness. Cross-linker content also affect to their mechanical and 
responsive properties. In case of FRP, higher cross-linker contents lead to more 
inhomogeneous network which gave lower transparency and responsiveness. However, 
the ATRP gels remained transparent and sharply temperature responsiveness.   
Interestingly, the shrinkage kinetics of the ATRP gel synthesized at 5°C with low 
cross-linker content were slower than those of the FRP gel even though the gels 
exhibited the same volume phase transition with the increasing temperature. These 
results reveal that ATRP is an effective method for forming homogeneous networks that 
strongly influence the mechanical and responsive properties of stimuli-responsive gels. 
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3.1 Introduction 
Polymer gels which consist of three-dimensional networks of hydrophilic polymers 
have high water absorption and swelling behavior.  Furthermore, some polymer gel 
shows change volume response to external stimuli, such as the pH, temperature, and 
electrical field. These called stimuli-response gel which developed as smart soft 
materials and applied research into drug delivery systems, actuators.  
Polymer gels directly depend on their network structure. For example, some special 
networks induce improvements in mechanical properties and responsiveness
1
. Slide-ring 
gel (SR gel) formed by polyrotaxane
2-6
, double network gels (DN gel) consisted two 
polymer network
7-13
 and nanocomposite gels implied of inorganic nanoclay as 
cross-linker
14, 15
 have been reported as high toughness polymer. Such gels demonstrated 
high tensile strength and mechanical toughness. Stimuli responsiveness is also influence 
by network structure. Rapid response stimuli responsive gels are produced by inducing 
heterogeneous domains
16-28
   Therefore, it is very important to investigate the network 
structure in order to understand the characteristics of the polymer gels.  
For long time, analysis of network structure indirectly evaluated the structure by the 
crosslink density from swelling degree and elastic modulus. Recently, it was reported 
that scattering method such as small-angle X-ray (SAXS), neutron scattering (SANS) 
and dynamic light scattering (DLS) that can use powerful tool for analysis of network 
structure
29
. For example high toughness polymer gels such as SR gel, DN gel and NC 
gels have been investigated their network structure using light scattering method
30, 31
. 
As a result, it was revealed that each gel possess different network and high mechanical 
performance are caused by each different mechanism. Furthermore, tetra poly(ethylene 
glycol) gel (Tetra-PEG gel) formed by four-arm macromolecular were found that there 
are almost no defect in their network measured by light scattering method
30-32
. 
Tetra-PEG gels are known as ideal network that their mechanical properties can be 
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described by theory
33
. Tetra-PEG gels also can be controlled inhomogeneity of their 
network by modulating length of polymer chain and concentration during preparing
34-36
. 
It is extremely useful for clarified relation between physical properties of polymer gels 
and network structure. 
DLS measurement is one of the most powerful tools for measuring dynamics of 
polymer and colloidal solution. However, a polymer gels consist of a large amount of 
solvent and polymer network behaves differently from a general polymer solution
37, 38
. 
DLS measure correlation function in the scattering intensity and discuss their dynamics. 
In general polymer solution, there is time dependence not spatial dependence of the 
scattering intensity. While, in case of polymer gel, ensemble and time average of 
scattering intensity is inequality because of introducing by crosslinking. Therefore, 
scattering intensity express to Eq-3-1
29, 37, 39-46
. 
〈𝑰〉𝑻 = 〈𝑰〉𝑭 + 〈𝑰〉𝑪  Eq 3-1 
Where <I>F is the dynamic fluctuations and <I>C is the static component derived from 
crosslinking which show spatial dependence. DLS measurement in homogeneous media 
use correlation function given by a single exponential function
39
. However, this theory 
cannot take account of the inhomogeneous media such as polymer gels. In the past, 
heterodyne-type analyses were often employed to analysis polymer gels
47-49
 Other 
different method for the nonergodic medium method was reported by Pusey and van 
Megen, which called the partial heterodyne method
38
. Shibayama et al. Reported DLS 
measurement of poly N-isopropylacrylamide (PNIPAAm) gels which is temperature 
responsive gels using partial heterodyne method
37
.  
Recently, we reported synthesis of PNIPAAm gel by atom transfer radical 
polymerization (ATRP). PNIPAAm gels synthesized by ATRP were compared with 
those synthesized by FRP with their mechanical and responsive properties. ATRP led to 
different mechanical and responsive properties in the PNIPAAm gels compared to FRP. 
It is considered that the difference in ATRP and FRP is attributed to the network 
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structures. However, there are not clearly confirmed to network structure of PNIPAAm 
gel synthesized by ATRP.  
In this chapter, we described that dynamic light scattering (DLS) measurements 
were carried out on PNIPAAm gels synthesized by ATRP and FRP to evaluate 
inhomogeneity in the network structure of the ATRP and FRP gels. 
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3.2 Experimental 
3.2.1 Materials 
N-Isopropylacrylamide (NIPAAm), N, N'-methylenebisacrylamide (MBAA), N, N, 
N', N'-tetamethylethylenediamine (TEMED), ammonium persulfate (APS), copper (II) 
chloride and ascorbic acid were purchased from Wako Pure Chemical Industries (Wako, 
Japan). 2-chloropropionamide (2-Cl-PA) was purchased from Sigma-Aldrich (Tokyo, 
Japan). tris[2-(dimethylamino)-ethyl]amine (Me6TREN) was purchased from Alfa 
Aesar (Ward Hill, MA). 
 
3.2.2 Synthesis of PNIPAAm gels by ATRP for DLS 
The ATRP gels for the DLS measurements were prepared in a DLS sample tube as 
follows. NIPAAm, 2-Cl-PA, copper (II) chloride, and Me6TREN were dissolved in 
deionized water to prepare an aqueous monomer solution. MBAA and ascorbic acid 
were each dissolved in deionized water. The aqueous MBAA solution was added to the 
monomer solution. The resulting mixture was placed in a DLS sample tube fitted with a 
rubber septum and degassed by Ar bubbling. The aqueous ascorbic acid solution was 
degassed using freeze-pump-thaw cycles and purged with Ar. After the aqueous 
ascorbic acid solution was added to the DLS sample tube via a syringe, polymerization 
was started at 5 °C using a temperature controller. After 22 hours, the reaction mixtures 
were exposed to the ambient atmosphere to quench the polymerization. 
[NIPAAm] : [2-Cl-PA] : [CuCl2] : [Me6TREN] : [Ascorbic acid] = 1.33M : 3.3×10
-3
M : 
2.7×10
-3
M : 3.6×10
-3
M : 3.2×10
-3
M. [MBAA]= 1.3×10
-2
M (1mol%), 4.0×10
-2
M 
(3mol%), 6.7×10
-2
M (5mol%). 
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3.2.3 Synthesis of PNIPAAm gels by FRP for DLS 
The FRP gels for the DLS measurements were prepared in a DLS sample tube as 
follows. NIPAAm and TEMED were dissolved in deionized water to prepare an 
aqueous monomer solution. MBAA and APS were dissolved in deionized water. The 
aqueous MBAA solution was added to the aqueous monomer solution. The resulting 
mixture was placed in a DLS sample tube fitted with a rubber septum and degassed by 
Ar bubbling. The mixture and the aqueous APS solution were degassed using 
freeze-pump-thaw cycles and purged with Ar. After the aqueous APS solution was 
added to the DLS sample tube via a syringe, polymerization was started at 5 °C using a 
temperature controller. After 22 hours, the reaction mixtures were exposed to the 
ambient atmosphere to quench the polymerization.  
[NIPAAm] : [TEMED] : [APS] = 1.33M : 2.6×10
-2
M : 4.9×10
-3
M. [MBAA]= 
1.3×10
-2
M (1mol%), 4.3×10
-2
M (3mol%), 7.0×10
-2
M (5mol%). 
 
3.2.4 Dynamic light scattering (DLS) measurements 
DLS experiments were performed using a dynamic light scattering 
spectrophotometer (DLS-8000, Otsuka Electronics Co., Ltd., Kyoto). The scattering 
angle was fixed at 60°, and the measurement temperature was 25°C. The time average 
scattered intensity (<I> T) and diffusion coefficient (DA) were obtained at each sample 
position. 
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3.3 Results and Discussion 
3.3.1 Dynamic fluctuations of PNIPAAm gels dependent on 
Cross-linker content 
Analysis of DLS measurement of gel was carried out by s partial heterodyne 
method. Total intensity of polymer gel are consist of <I>C and <I>F (Eq-3-1). 
Correlation function of g
(2)(τ) is obtained by Eq 3-2.  
𝐠(𝟐)(𝛕) = 𝝉𝑰
𝟐𝐞𝐱𝐩[−𝟐𝑫𝑨𝒒
𝟐𝝉] + 𝟏  Eq 3-2 
Where DA is the apparent diffusion coefficient, q is the magnitude of the scattering 
vector, and τI
2
 is the initial amplitude of g(τ)2. In case of gel DA and τI
2
 have position 
dependence. More precisely g(τ)2 is noted by Eq 3-3 
𝐠(𝟐)(𝛕) = 𝑿𝒑𝐞𝐱𝐩(−𝟐𝐃𝐀𝐪
𝟐𝛕) + 𝟐𝑿𝒑(𝟏 − 𝑿𝒑) × 𝐞𝐱𝐩(−𝟐𝐃𝐀𝐪
𝟐𝛕) + 𝟏 Eq 3-3 
Xp is ratio of intensity from dynamic fluctuations to that from total intensity at each 
sample position
43
 (Eq 3-4). 
𝑿𝒑 = 〈𝑰〉𝑭 〈𝑰〉𝑻,𝒑⁄   Eq 3-4 
Diffusion of polymer gels are consisted of not only polymer chain but also crosslinking. 
This diffusion called collective diffusion (D) are obtained by Eq 3-5 and Eq 3-6 
𝑫𝑨 =
𝑫
𝟐−𝑿𝒑
=
𝑫
𝟐−〈𝑰〉𝑭 〈𝑰〉𝑻⁄
   Eq 3-5 
〈𝑰〉𝑻
𝑫𝑨
=
𝟐
𝑫
〈𝑰〉𝑻 −
〈𝑰〉𝑭
𝑫
  Eq 3-6 
We carried out DLS measurement at each sample position and obtained DA and <I>T. 
We named PNIPAAm gels synthesized by ATRP as ATRP gel and by FRP as FRP gel 
respectively. 
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Figure 3-1 show relationship <I>T/DA and <I>T for PNIPAAm gel (cross-linker 
content = 3mol%). The plot could be fitted with linear proportionality such as Eq 3-8. D 
and <I>F were obtained by slope and intercept of Figure 3-1.  
Figure 3-2 (a) show the cross-linker content dependence of dynamic fluctuations 
(<I>F). Both gels shows constant <I>F when cross-linker content was from 3mol% to 
1mol%. In case of 5mol% <I>F were increased. It is reported by shibayama that <I>F is 
more insensitive to cross-linker content
39
. There were not different between ATRP gel 
and FRP gel. It suggested polymer fluctuation were not different between ATRP gel and 
FRP gel. This result was considered that polymer fluctuation of polymer gels are not 
affected by polymerization method. Furthermore, we calculated the correlation length 
(ξ) defined as Eq- 3-7.                                                                                                                                                                                                                                                                                  
𝐃 ≈
𝒌𝑻
𝟔𝝅𝜼𝝃
  Eq 3-7 
 Where k is the boltzmann constant, T is absolute temperature, η is the is the solvent 
viscosity. As far from critical point, these correlation lengths regarded as mesh size in 
network
29
. In case of ATRP gel, correlation length was decreased with cross-linker 
content (1mol%-3mol%) (Figure 3-2 (b)). higher cross-linker content than 3mol%, 
correlation lengths were not decreased, In case of FRP gel, there were constant 
 
Figure 3-1.  Decomposition plots for PNIPAAm gel synthesized by ATRP and FRP. 
Cross-linker content was 3mol%. Measurement temperature was 25ºC. 
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correlation lengths with any cross-linker. In general, correlation length is decreased with 
raise cross-linker content. Correlation lengths of polymer gels are influenced not only 
by the cross-linker content but also by the polymer concentration. It has also been 
reported that correlation length depends on the concentration of the polymer and D 
decreases with decrease of the polymer concentration
43
. In our experiment, since 
PNIPAAm gels were not washing, it brought about constant polymer concentration. As 
a result, correlation lengths in FRP gels were not increasing with higher cross-linker 
content. In ATRP gels, when cross-linker content was 1mol%, there was low correlation 
length due to lower conversion (Table 2-2 in Chapter 2). 
 
 
  
 
Figure 3-2. Cross-linker content dependence on (a) dynamic fluctuations (<I>F) and 
(b) correlation length of PNIPAAm gels synthesized by ATRP and FRP. Measurement 
temperature was 25ºC. 
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3.3.2 Spatial inhomogeneous of PNIPAAm gels dependent on 
Cross-linker content 
In previous study reported by Norisuye et al, the FRP and the γ-ray irradiation 
method were compared to average of <I>T. <I>T of polymer gel prepared by the 
conventional monomer cross-linking became higher than the γ-ray irradiation method. It 
attributed to inhomogeneous network formed by FRP, such as cross-linking cluster 
formation
44
. This result suggested that we can evaluate inhomogeneous of polymer 
network by comparison of <I>T. <I>T exhibit fluctuations with sample position. 
However <I>F is same at any sample position because <I>F represent polymer 
fluctuation. It meant that spatial fluctuation of <I>T is due to <I>C namely crosslinking 
inhomogeneity. We thought that fluctuation of <I>T can be regarded as network 
inhomogeneity. Therefore, we compared the standard deviations of <I>T of ATRP gels 
and FRP gels to investigate network inhomogeneity. 
Figure 3-3 (a) show fluctuation of <I>T at each sample position and histograms of 
the number of <I>T with ATRP and FRP gels. It shows that there were spatial 
inhomogeneous in network both gel of ATRP and FRP and ATRP gels showed smaller 
fluctuation of <I>T than that by FRP. We calculate standard deviation of <I>T at various 
sample positions to quantify the amount of variation, shown in Figure 3-4. It is clear 
that fluctuation in <I>T of both gels were amplified with increasing cross-linker content. 
It is well known that <I>T increased in function of cross-linker concentration because 
static components are increased by crosslinking. Our result also suggested that there are 
large spatial inhomogeneities with increasing cross-linker content
29, 37, 39, 41
. It is also 
clear that ATRP gels show lower standard deviation of <I>T as compared to FRP in any 
cross-linker content. There was small difference between ATRP and FRP in case of low 
cross-linker content. This difference became large with increasing cross-linker content. 
It is means that gel network formed by ATRP are more homogeneous compared to FRP 
with any cross-linker content.  
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Figure 3-3. (a) Time average scattered intensity, <I>T, vs sample position and (b) 
count of the scattered intensity (<I>T) for PNIPAAm gels synthesized by ATRP (●) 
and FRP (●) at 5ºC. Cross-linker content was 3mol%. Measurement temperature was 
25ºC. 
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Figure 3-4. Effect of cross-linker content standard deviation of the scattered 
intensity (<I>T) for PNIPAAm gels synthesized by ATRP (●) and FRP (●) at 5ºC. 
Measurement temperature was 25ºC. 
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3.3.3 Dynamic fluctuations of PNIPAAm gels dependent on temperature 
Furthermore, we investigated effect of temperature for network structure.  <I>F of 
both gels is increased with raised temperature, shown Figure 3-5 (a). <I>F present 
dynamic fluctuations and polymer chain mobility became higher with increasing 
temperature. As a result, <I>F is increased with increasing temperature. Compared 
ATRP gel and FRP gel, ATRP gel show higher <I>F than FRP on cross-linker content 
1mol%. It considered that low conversion caused higher polymer mobility by lower 
crosslinking density. Figure 3-5 (b) show relationship correlation length and 
measurement temperature. Both gels synthesized ATRP and FRP demonstrated 
increasing correlation length in any crosslinking content. According to previous 
literature (Shibayama et al) correlation length is not actual mesh size of the network but 
corresponds to concentration fluctuations
29
. Correlation lengths are increased with 
raised measurement temperature and finally they diverge at lower critical solution 
temperature. Our result agreed with previous study. There were not different between 
ATRP and FRP in change correlation length with increasing temperature. Correlation 
lengths of ATRP with a cross-linker content of 1 mol% are higher than FRP at any 
measurement temperature. At cross-linker content 1mol%, ATRP gel show lower 
conversion than FRP (ATRP gel: 32.7%, FRP gel: 78.6%), which meant that PNIPAAm 
gel prepared by ATRP is lower polymer concentration. Low polymer concentration lead 
to low collective diffusion
43
. It indicated that difference of correlation length result from 
low conversion of ATRP gel. At cross-linker content 3mol%, there were not large 
difference between ATRP gel and FRP gel. It suggested that temperature responsiveness 
of both gels show same behavior. When the concentration of the crosslinking agent was 
increased, the increase of the correlation length became low in FRP gel. This result 
considered that concentration fluctuations of FRP gel became smaller because high 
crosslinking densities (Chapter 2) prevent to chain fluctuation. 
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3.3.4 Spatial inhomogeneous of PNIPAAm gels dependent on 
temperature 
We investigated relationship standard deviation of <I>T and temperature. Figure 3-6 
demonstrated that standard deviation of both gels increasing with raised temperature. 
The χ parameter of the PNIPAAm gels at high polymer concentration changes gently 
even before LCST
50
. We considered that this observation is caused in microscopic field. 
Highly cross-linked nanodomains start to aggregation before 32ºC due to highly 
polymer concentration. These aggregations give raise to inhomogeneity of network. 
FRP gels with cross-linker content 1mol% and 3mol% show similar increasing of 
standard deviation with raised temperature. It considered that networks formed by FRP 
 
Figure 3-5. Measurement temperature dependence on (a) dynamic fluctuations 
(<I>F) and (b) correlation length of PNIPAAm gels synthesized by ATRP (●) and 
FRP (●) at 5ºC. 
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with any cross-linker content are inhomogeneous. In case of cross-linker content 5mol%, 
standard deviation of FRP gel at 25 ºC was higher than at 30 ºC. Higher cross-linker 
content, it introduced more inhomogeneous network. Aggregation polymer chain will be 
caused more often in loosly area and induce high <I>T. Consequently, standard 
deviation became decrease at 30 ºC. On the other hand, ATRP gels show different 
standard deviation compared to FRP. At cross-linker content 1mol%, standard deviation 
of ATRP gel did not depend on temperature. Conversion of ATRP gel was very small 
and low polymer concentrations in low polymer concentration represent sharp change in 
χ parameter50. That fact suggested that it is rarely for polymer chain to aggregate before 
LCST. At cross-linker content 3mol%, standard deviations of ATRP were not increased 
between 15 ºC and 25 ºC. More increasing temperature, it increased drastically with 
rising temperature. This result indicated that there was less fluctuation of polymer 
concentration which gives aggregate most polymer chain at same temperature. At 
cross-linker content 5mol%, standard deviations of ATRP did not vary with raised 
temperature. However, there were not different in conversion between ATRP (80.6%) 
and FRP (94.3%) and temperature-responsiveness (Chapter 2). It indicated that this 
different of standard deviation were influence of not conversion or 
temperature-responsiveness but network structure. This figure indicated that ATRP gels 
caused homogeneous aggregation of polymer chain in microscopic region. 
 
Figure 3-6. Effect of observation temperature standard deviation of the scattered 
intensity (<I>T) for PNIPAAm gels synthesized by ATRP (●) and FRP (●) at 5ºC. 
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3.3.5 Gelation mechanism of ATRP and FRP 
The difference in homogeneity of the networks between ATRP and FRP gels, which 
governs their mechanical and responsive properties, results from different 
polymerization mechanisms of ATRP and FRP. A few previous papers reported that 
microgel domains were formed during FRP, but that those were not during controlled 
radical polymerization
51-54
. Based on the papers, we can explain the different 
homogeneity of the PNIPAAm gel networks from the viewpoint of polymerization 
mechanisms of ATRP and FRP as follows (Figure 3-7): In the initial stage of FRP, the 
pendant vinyl groups that are based on MBAA in the resulting copolymer are consumed 
by intramolecular cyclization due to the extremely low polymer concentration, followed 
by the formation of highly cross-linked nanodomains. On the other hand, the constant 
concentration of the active species is kept low at the initial stage of ATRP. As the low 
concentration of active species inhibits intramolecular cyclization and dormant species 
can diffuse in the polymerization solution, the pendant vinyl groups can undergo 
intermolecular reaction. In the intermediate stage, therefore, the finite clusters formed 
by ATRP have more lowly cross-linked structure than those by FRP. In the gelation 
stage, although FRP results in the formation of infinite clusters in which highly 
cross-linked nanodomains are heterogeneously distributed, ATRP enables the formation 
of the infinite clusters with relatively homogeneous networks. Thus, the PNIPAAm gels 
synthesized by ATRP have more homogeneous networks than those by FRP, based on 
their different polymerization mechanisms. The relationship between the network 
structures and properties of PNIPAAm gels synthesized by ATRP and FRP still requires 
further researches, but well-designs of gel networks by ATRP are likely to become 
relatively important for improving their mechanical and responsive properties in the 
future. 
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3.4 Conclusion 
We investigated the network structure of PNIPAAm gels synthesized via ATRP and 
FRP using DLS measurement. Result of DLS showed that there were no differences 
between ATRP and FRP in correlation length obtained by partial heterodyne method. 
While, standard deviation of scattering intensity of PNIPAAm gel synthesized ATRP 
became lower than FRP with any cross-linker content. It suggested that average of 
network structure were not difference. However, in microscopic polymer network 
formed by ATRP were more homogeneous than FRP. These observations are in 
agreement with their mechanical and responsive properties (Chapter 2). 
 
 
  
 
Figure 3-7. Schematics of network formation by ATRP (a) and FRP (b). 
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4.1 Introduction 
Polymer gels are attractive soft materials consisting of three-dimensional polymer 
networks and a large amount of aqueous solutions. Furthermore, since volume phase 
transition of polymer gels was discovered by tanaka1-3, they have attracted much 
attention as smart materials in medical, environmental and other wide fields4. Such 
volume phase transition is caused by an environmental change such as pH and 
temperature that leads to network structure. For example, poly N-ispropylacrylamide 
(PNIPAAm) gave rise to coil-globule transition above its low critical solution 
temperature (LCST) due to change from hydrophilic to hydrophobic5-7. Therefore a 
PNIPAAm gel with a cross-linked structure exhibited volume change behavior in 
response to temperature3, 5. Macroscopic properties in polymer gels are closely related 
to their microscopic network structure. Inhomogeneous networks, which cause a 
decrease in transparency, offer brittleness of polymer gels because of the concentration 
of a loaded stress to the weak chains8. Stimuli-responsive behaviors of polymer gels are 
also influenced by their network structure. Dangling chains introduced in 
temperature-responsive gels promoted the release of water from gels9. These suggest 
that precise designs of network structures are required for the developments of polymer 
gels exhibiting excellent properties and functions. 
Free radical polymerization (FRP) is usually used for the preparation of polymer 
gels by copolymerization of monomers and cross-linkers. Most vinyl and divinyl 
monomers are easily copolymerized in any solvents by FRP. As monomers are 
randomly reacted with cross-linkers by FRP using high reactive species, polymers with 
a wide distribution of molecular weight are generally produced and the mesh size of the 
resulting gel networks becomes inhomogeneous. Hence, the control of gel network 
structures by FRP is very difficult. 
Recently, Sakai et al. proposed a solution for this problem, which used four-armed 
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poly(ethylene glycol) (tetra-PEG) as a building block for forming polymer gels with 
homogeneous networks10, 11. When two kinds of tetra-PEGs with amino and 
succinimidyl groups at chain end were mixed, polymer gels were produced by the 
reaction between amino and succinimidyl groups for cross-linking. The analysis of the 
structures by scattering method revealed that tetra-PEG gels had homogeneous and ideal 
networks11-14. By tuning molecular weight of tetra-PEG or the ratio of two tetra-PEGs 
with amino group and succinimidyl group, the mesh size of the resulting gels can be 
easily modulated and dangling chains can be induced. Coupling reaction for 
cross-linking allows to use not only the reaction between amino group and succinimidyl 
group but also click reaction such as thiol-ene15 and azide-alkyne16, physical interaction 
using metal ion16-18 and biomolecular interaction19, 20. Tetra-PEG gels were also used for 
cell cultures21. In the previous researches, however, PEG has been used as the main 
chain of polymer gels with 4-armed structures, and there have been few reports about 
the preparation of polymer gels from 4-armed polymers exhibiting stimuli-responsive 
behaviors22. 
In this chapter, we report the preparation of polymer gels from 
temperature-responsive polymers with 4-armed structures. In this study, diacetone 
acrylamide (DAAm) and allylacrylamide (AllAm) were chosen as crosslinkable 
comonomers for designing 4-armed polymers. DAAm has an active keto group to react 
with hydrazide and AllAm undergoes crosslinking by thiol-ene reaction23, 24. They were 
copolymerized with N-isopropylacrylamide (PNIPAAm) by single-electron transfer 
living radical polymerization (SET-LRP)25 for the preparation of 4-armed 
temperature-responsive copolymers (tetra-PNIPAAm copolymers). Gelation behaviors 
of the tetra-PNIPAAm copolymers and various properties of the resultant gels were 
investigated. 
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4.2 Experimental 
4.2.1 Materials 
Methyl dichloroacetate, ethylenediamine, methyl dichloroacetate, triethylamine, 
allylacmine, diacetone acrylamide (DAAm), N-isopropylacrylamide (NIPAAm), copper 
(I) chloride (CuCl) were purchased from Wako Pure Chemical Industries (Wako, Japan). 
Tris[2-(dimethylamino)-ethyl]amine (Me6TREN) was from Alfa Aesar (Ward Hill, 
MA). 2,2’-(Ethylenedioxy)diethanethiol (EDDET) and adipic acid dihydrazide (ADH) 
were purchased from Tokyo Chemical Industry (TCI, Tokyo, Japan). 
 
4.2.2 Synthesis of macro-initiator for SET-LRP 
Methyl dichloroacetate (22.78mL, 0.22mol) was dissolved in Methanol (54mL) and 
cooled. Ethylenediamine (6.7mL, 0.10mol) was added and then formed white 
precipitation (scheme 4-1). After stirring for 4hour, reaction mixture was evaporated 
and filtrated, followed by washing with chloroform. Reaction product dried for 1day 
was added into hot ethyl acetate with stirring for 1hour to purify and filtrated. Purified 
macro-initiator was obtained as a white product. 
 
  
 
Scheme 4-1. Synthesis of macro-initiator for SET-LRP 
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4.2.3 Synthesis of N-allyl acrylamide (AllAm) 
AllAm was synthesized by scheme 4-2. Triethylamine (22mL, 0.158mol) and 
allylamine (12mL, 0.158mol) were dissolved in dichloromethane (200mL) and cooled, 
followed by dropping acryloyl chloride (13mL, 0.158mol). After stirring for 1day, 
reaction mixture was filtrated through pad of celite. The reaction solution was washed 
with 0.1M HCl (600mL) by extraction. The organic layers were dried with MgSO4 and 
concentrated by evaporation. Finally, AllAm was obtained as a slightly yellow oil. 
 
4.2.4 Synthesis of tetra-poly(N-isopropylacrylamide)-b-poly(diacetone 
acrylamide) (tetra-PNIPAAm-b-PDAAm) 
Tetra-PNIPAAm-b-PDAAm was synthesized by SET-LRP (scheme 4-3) as follows. 
NIPAAm (7.527g, 66.516mol) and macro initiator (0.094g, 0.333×10-3mol) were 
charged to eggplant flask purged with Ar. H2O (1.632mL) and DMF (2.742mL) 
degassed by Ar bubbling were added into this flask to prepare a NIPAAm solution. 
DAAm (1.015g, 5.998mol) was dissolved in a mixture of H2O (3.32mL) and DMF 
(3.32mL) degassed by Ar bubbling.  
CuCl (0.0471mg, 0.476×10-3mol), degassed Me6TREN (0.135mL, 0.497×10
-3mol) 
and water (1mL) were added in a schlenk flask purged under Ar atmosphere. The 
aqueous solution containing CuCl and Me6TREN as catalysts became blue immediately 
and brown powder of Cu was found in the suspension. After 1 hour, the NIPAAm 
solution (10.818mL) were added to the suspension containing CuCl and Me6TREN, and 
polymerized for the synthesis of a PNIPAAm block for 1 hour at 20 ºC. Then the 
mixture containing DAAm (6.00mL) was added to the aqueous solution containing the 
 
Scheme 4-2. Synthesis of AllAm 
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PNIPAAm block for the polymerization of DAAm from the PNIPAAm block. After the 
polymerization of DAAm for 20 hour, the resulting block copolymer 
(tetra-PNIPAAm-b-PDAAm) was purified through a silica column in THF. THF were 
removed by evaporation and sample was reprecipitated three times from THF into 
diethyl ether.  
Conversion of tetra-PNIPAAm-b-PDAAm was determined by 1H-NMR. Each 
samples were dissolved in acetone-6d. 1H-NMR spectra were measured on JEOL 
JNM-ECS 400 spectrometer using tetramethylsilane as the internal standard. GPC 
measurements were carried out under the same condition as Chapter 2. 
 
4.2.5 Synthesis of 
tetra-poly(N-isopropylacrylamide)-b-N-poly(allylacrylamide) 
(tetra-PNIPAAm-b-PAllAm) 
Tetra-PNIPAAm-b-PAllAm was synthesized by SET-LRP (scheme 4-4) as follows. 
NIPAAm (8159.2g, 72.103mol) and BDA (0.1015g, 0.360×10-3mol) were charged to 
eggplant flask purged with Ar. H2O (1.768mL) and DMF (2.9mL) degassed by Ar 
bubbling were added into this flask to prepare a NIPAAm solution. AllAm (0.363g, 
3.27×10-3mol) were dissolved in was dissolved in a mixture of H2O (3.8mL) and DMF 
(3.8mL) degassed by Ar bubbling.. 
Me6TREN (0.27mL, 0.959×10
-3mol) was dissolved in deionized water (2mL) in 
test tube. The Me6TREN solution was deoxygenated via freeze-pump-thaw six times. 
The degassed Me6TREN solution (1.135mL) was then added to eggplant flask filled 
containing CuCl (47.52mg, 0.480×10-3mol) and a magnetic stir bar under Ar 
 
Scheme 4-3. Synthesis of tetra-PNIPAAm-b-PDAAm by SET-LRP. 
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atmosphere. The aqueous solution containing CuCl and Me6TREN as catalysts became 
blue immediately and brown powder of Cu was found in the suspension. After 1 hour, 
the NIPAAm solution (10.8mL) were added to the suspension containing CuCl and 
Me6TREN, and polymerized for the synthesis of a PNIPAAm block for 2 hour at 20 ºC. 
Then the mixture containing AllAm (6mL) to the aqueous solution containing the 
PNIPAAm block for the polymerization of AllAm from the PNIPAAm block. After the 
polymerization of AllAm for 2 hour, the resulting polymer (tetra-PNIPAAm-b-PAllAm) 
was purified through a silica column in THF. THF was removed by evaporation and 
sample was first reprecipitated from THF into diethyl ether. 
Tetra-PNIPAAm-b-PAllAm was measured by 1H-NMR. Each samples were 
dissolved in methanol-4d. 1H-NMR spectra were measured on JEOL JNM-ECS 400 
spectrometer using tetramethylsilane as the internal standard. GPC measurement was 
carried out same condition as Chapter 2. 
 
  
 
Scheme 4-4. Synthesis of tetra-PNIPAAm-b-PAllAm by SET-LRP. 
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4.2.6 Synthesis of poly N-isopropylacrylamide-co-N-allylacrylamide 
(P(NIPAAm-co-AllAm) by free radical polymerization (FRP) 
P (NIPAAm-co-AllAm) was synthesized by FRP (scheme 4-5). 
NIPAAm (4.002g 0.03556mol) and AllAm (0.1098g, 0.98×10-3mol), V-70 (0.05668g, 
0.253×10-3mol) were dissolved in DMF (15.27mL). After freeze-pump-thaw to remove 
oxygenate, this mixture was warmed up to 35ºC and then polymerization was started. 
After 1day, reprecipitation was carried out with diethyl ether. 
 
4.2.7 Determined cloud point 
Cloud points were measured on UV–vis spectrophotometer (UV-2550, Shimadzu 
Corporation, Kyoto, Japan). Each polymers were dissolved in H2O and adjusted to 
0.5wt%. Sample were measured their transmittance at 650nm in each temperature. 
 
4.2.8 Gelation of tetra-PNIPAAm-b-PDAAm 
Adipic acid dihydrazide (ADH) (0.0835g, 0.461mol) was dissolved in H2O (1mL). 
Tetra-PNIPAAm-b-PDAAm (1.053g) and ADH solution (0.875mL), H2O (1.575mL) 
were mixture by vortex mixer. This pre-gel solution introduced into the reaction cell 
comprising two 1 mm-thick glass slides separated with a 5mm-thick silicon spacer and 
then placed into 15ºC. After 1day, tetra-PNIPAAm-b-PDAAm gel was obtained. 
 
 
  
 
Scheme 4-5. Synthesis of P(NIPAAm-co-AllAm) by FRP. 
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4.2.9 Gelation test of tetra-PNIPAAm-b-PAllAm and 
P(NIPAAm-co-AllAm) 
Tetra-PNIPAAm-b-PAllAm and Irgacure 2959, and EDDTET were dissolved in 
methanol, respectively (Table 4-1). These solutions were mixing then introduced into 
the reaction cell comprising two 1 mm-thick glass slides separated with a 5.0 mm-thick 
glass spacer. P(NIPAAm-co-AllAm) gels were prepared by similar to 
Tetra-PNIPAAm-b-PAllAm gels method (Table 4-2). 
 
 
  
Table 4-1. Preparation conditions of tetra-PNIPAAm-b-PAllAm gels. 
Polymer 
concentration 
wt/vol (%) 
polymer (g) EDDET 
(mL) 
0.560M 
Irgacure 2959 
(mL) 
0.174M 
MeOH 
(mL) 
total 
mass 
(mL) 
10 0.07997 
0.0150 
(8.38×10-6mol) 
0.0250 
(4.36×10-6mol) 
0.60 0.8 
15 0.12016 
0.0225 
(12.58×10-6mol) 
0.0375 
(6.54×10-6mol) 
0.58 0.8 
20 0.1599 
0.0300 
(16.78×10-6mol) 
0.0500 
(8.72×10-6mol) 
0.56 0.8 
[Allyl group]:[EDDET]:[Irgacure 2959]=1.85:1.00:0.52 
 
Table 4-2. Preparation conditions of P(NIPAAm)-(AllAm) gels. 
Polymer 
concentration 
wt/vol (%) 
polymer (g) EDDET 
(mL) 
0.083M 
Irgacure 2959 
(mL) 
0.128M 
MeOH 
(mL) 
total 
mass 
(mL) 
10 0.0800 
0.050 
(7.89×10-6mol) 
0.050 
(4.15×10-6mol) 
0.62 0.8 
15 0.1203 
0.075 
(11.83×10-6mol) 
0.075 
(6.23×10-6mol) 
0.53 0.8 
20 0.1602 
0.100 
(15.78×10-6mol) 
0.100 
(6.23×10-6mol) 
0.44 0.8 
[EDDET]:[Irgacure 2959]= 1.00:0.52 
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4.2.10 Characterization of tetra-PNIPAAm-b-PAllAm gels and 
P(NIPAAm-co-AllAm) gels 
Elastic modulus, crosslinking density and solvent content were calculated by same 
method as described in chapter 2. Theoretical crosslinking density was obtained 
following Eq 4-1. 
𝛎𝒕𝒉𝒆𝒐 =
(𝒇−𝟐)
𝒇
𝒗
𝑴𝒄
   Eq 4-1 
Where ν is polymer weight per volume and f is functionality of cross-linker (f=4), Mc is 
the molecular weight between neighboring cross-linker calculated by 1H-NMR spectra 
and GPC measurement. 
Temperature-responsiveness was measured as follow; PNIPAAm gels were washed in 
water for 1week and after equilibrium swollen in 25ºC these gels were immersed at 
40ºC. We calculated water content by Eq 2-2 (Chapter 2) at each time. Water content 
ratio (W/W0) was obtained by Eq4-2. 
𝑾
𝑾𝟎
=
𝑾𝒂𝒕𝒆𝒓 𝒄𝒐𝒏𝒕𝒆𝒏𝒕 𝒂𝒇𝒕𝒆𝒓 𝒊𝒎𝒎𝒆𝒔𝒆𝒅 𝒂𝒕  𝟒𝟎º𝑪
𝑾𝒂𝒕𝒆𝒓 𝒄𝒐𝒏𝒕𝒆𝒏𝒕 𝒃𝒆𝒇𝒐𝒓𝒆 𝒊𝒎𝒎𝒆𝒔𝒆𝒅 𝒂𝒕 𝟒𝟎º𝑪
  Eq 4-2 
 
4.2.11 Preparation of microsized PNIPAAm gels using 
P(NIPAAm)-b-(AllAm) and P(NIPAAm-co-AllAm) 
Pre-gel solutions were preparation same condition as 4.2.9 at polymer concentration 
20wt%. The solution was dropped on a slide glass with silane coupling treatment. 
Pre-gel solution was exposed to UV light (λ = 365 nm) for 15 min using an inverted 
fluorescence microscope (IX70, OLYMPUS). Micro-hydrogels were immersed in 
MeOH for 2day followed by in water. Temperature-responsiveness were observed by 
(SZX, OLYMPUS) in incubator at 45ºC. Swelling ratio was obtained by followed Eq 
4-3. 
𝐒𝐰𝐞𝐥𝐥𝐢𝐧𝐠 𝐫𝐚𝐭𝐢𝐨 = 𝒅𝟑 𝒅𝟎
𝟑⁄   Eq 4-3 
Where d is radius of PNIPAAm gels swollen in 45ºC and d0 is radius of PNIPAAm gels 
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swelling in 25ºC. 
4.3 Results and Discussion 
4.3.1 Characterization of NMR of macro initiator 
Macro initiator was synthesized according to the reaction shown in scheme 4-1. 
The chemical structure of macro initiator was confirmed using 1H NMR as shown in 
Figure 4-1.  
 
 
  
 
Figure 4-1. 1H NMR spectrum of macro initiator (400 MHz, DMSO-d6) 
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4.3.2 Characterization of NMR of AllAm  
AllAm was synthesized according to the reaction shown in scheme 4-2 The 
chemical structure of AllAm were confirmed using 1H NMR as shown in Figure 4-2. 
 
4.3.3 Characterization of tetra-PNIPAAm-b-PDAAm 
Figure 4-3 (a) shows NMR spectra of tetra-PNIPAAm-b-PDAAm after 
polymerization. After 20hour from addition of DAAm, double bond signal 
(6.19~6.20ppm and 5.50~5.53ppm) were disappeared. Peak derived from back born 
chain appeared at 1.15~1.85ppm. It suggested that almost monomer were consumed in 
polymerization. Therefore, the number of DAAm unit was 4.94 in 
P(NIPAAm)-b-DAAm. In addition, molecular weight (Mn=14353) was obtained by 
GPC measurement.  Tetra-PNIPAAm-b-PDAAm was narrow molecular distribution 
(1.111), shown Figure 4-3 (b). It suggested that polymerization of NIPAAm and DAAm 
were well controlled by SET-LRP. 
 
 
 
Figure 4-2. 1H NMR spectrum of AllAm (400MHz, chloroform-d). 
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Cloud point of tetra-PNIPAAm-b-PDAAm was measured by UV. Figure 4-3 (c) 
show transmittance of polymer solution at each temperature. Tetra-PNIPAAm 
demonstrated drastically decreasing transmittance at 34 ºC. It was agreed with LCST of 
conventional PNIPAAm. On the other hand, tetra P(NIPAAm)-b-PDAAm was 
decreased LCST. In general, the hydrophilicity of the comonomers for designing 
PNIPAAm-based copolymer strongly influences their LCST. DAAm is more 
hydrophobic than NIPAAm. Consequently, tetra-PNIPAAm-b-PDAAm exhibited lower 
LCST than tetra-PNIPAAm. 
 
Figure 4-3. (a) 1H NMR spectra of no reaction mixture and tetra-PNIPAAm before 
addition of DAAm, tetra-PNIPAAm-b-PDAAm unpurified. (b) GPC measurement of 
tetra-PNIPAAm-b-PDAAm. (c) Transmittance vs temperature for 0.5 wt % solutions 
of tetra-PNIPAAm-b-PDAAm and tetra-PNIPAAm. 
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4.3.4 Mechanical properties of tetra-PNIPAAm-b-PDAAm gels 
The active keto group in DAAm gives crosslinking by reaction with hydrazine26. In 
our experiment, we used adipic acid dihydrazide (ADH) as cross-linker. 
Tetra-PNIPAAm-b-PDAAm and ADH were mixing and then incubated in 15ºC for 
1day. We obtained tetra-PNIPAAm-b-PDAAm gels (Figure 4-4 (a)). To investigate 
their mechanical properties tetra-PNIPAAm-b-PDAAm gels, we cut gels into three 
pieces (Sample1~3) and carried out compression test and rheological measurements. 
Figure 4-4 (b) show shear elastic modulus (G’) and shear storage modulus (G”) of the 
resulting polymer gels as a function of frequency. Crosslinking reversibly 
association/dissociation bond bring frequency dependence. In our result, G’ was stable 
at any frequency. It was proved that tetra-PNIPAAm-b-PDAAm gels form not physical 
bond caused by hydrophobic interaction of DAAm unit but covalent bond from 
hydrazone. We also obtained compression elastic modulus (32.2±2.1kPa) from 
stress-strain curve (Figure 4-4 (a)).  
 
 
  
 
Figure 4-4. (a) Stress-strain curve and photograph of tetra-PNIPAAm-b-PDAAm 
gels. (b) Frequency dependences of dynamic storage modulus (G’) and loss modulus 
(G”) of tetra-PNIPAAm-b-PDAAm gels. 
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4.3.5 Degradation of tetra-PNIPAAm-b-PDAAm gels 
When tetra-PNIPAAm-b-PDAAm gels were immersed in water for 8 days, it was 
caused degradation (Figure 4-5). On the other hand, acetone that can dissolve 
tetra-PNIPAAm-b-PDAAm did not cause degradation of gels. This result indicated that 
crosslinking of hydrazine hampered soluble of tetra-PNIPAm-b-PDAAm gels in 
acetone. When tetra-PNIPAAm-b-PDAAm after degradation was measured by GPC, it 
showed no different between before crosslinking and after degradation. It suggested that 
collapse of tetra-PNIPAAm-b-PDAAm gels were caused by not resolved polymer chain 
but disappeared crosslinking by hydrolysis of hydrazone (Scheme 4-6). Hydrazone bond 
is occurred hydrolysis in water. Hence, tetra-PNIPAAm-b-PDAAm gels were 
degradation in water. 
 
Figure 4-5 (a) Degradation profile of tetra-PNIPAAm-b-PDAAm gels with 
immersing in water and acetone. (b) GPC trance before crosslinking and after 
dissolution of tetra-PNIPAAm-b-PDAAm gels. 
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4.3.6 Temperature responsiveness of tetra-PNIPAAm-b-PDAAm gels 
Since hydrolysis of hydrazone depends on pH, we immersed 
tetra-PNIPAAm-b-PDAAm gels in various pH above LCST temperature to investigate 
their temperature responsiveness. Figure 4-6 show weight ratio of 
tetra-PNIPAAm-b-PDAAm gel between as prepared and after immersed in various 
buffer solutions. Tetra-PNIPAAm-b-PDAAm gel in pH 3.5 was disappeared by 3 days. 
In case of pH 7, weight ratio was increased with time and finally disappeared. It meant 
that decreasing crosslinking lead to swell of gels. When all of crosslinking are lose, gels 
are completely solved in water. At pH 9, tetra-PNIPAAm-b-PDAAm gels were not 
occurred degradation. After 50 hours, they demonstrated still stable. In higher 
temperature than LCST of tetra-PNIPAAm-b-PDAAm gels, these hydrogels were 
decreased in W/W0 at any pH due to release water. They were not caused degradation. 
Since tetra-PNIPAAm-b-PDAAm bring hydrophobic layer at 35ºC, it prevents water to 
enter gels. Our tetra-PNIPAAm-b-PDAAm gels demonstrated pH-sensitive degradation 
and temperature responsiveness. 
 
 
 
 
 
Scheme 4-6. Hydrolysis of Hydrazone as crosslinking. 
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Figure 4-6 Degradation profile of tetra-PNIPAAm-b-PDAAm gel with immersing in 
buffer solution, pH 4, pH 7, and pH 9 at 15oC and 35oC.  
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4.3.7 Characterization of tetra-PNIPAAm-b-PAllAm 
Figure 4-7 show 1H NMR spectra of no reaction monomer mixture and 
tetra-PNIPAAm before addition of AllAm, tetra P(NIPAAm)-b-AllAm purified.  
After polymerization 2 hours integral of double bond signal at 5.48~5.95 ppm became 
decreased and there were appeared peak of back born chain at 2.0~1.6 ppm. Monomer 
conversion was calculated by comparing the integration of the double bond peak at 5.8 
ppm and the integration of DMF at 8.0 ppm. Then conversion of NIPAAm was 95.6%.  
1H NMR spectrum of tetra-PNIPAAm-b-PAllAm showed the broad peaks at 5.85ppm 
and 5.10~5.22ppm are attributed to allyl group in the polymer. The 1H NMR spectrum 
demonstrates that the number of allyl group to a polymer was 4.56 unit. We also 
obtained molecular weight and molecular distribution by GPC measurement (Figure 
4-8). This result showed narrow Mw/Mn = 1.113 that attributed tetra-PNIPAAm was 
well controlled by SET-LRP. After addition of AllAm, molecular weight was increased 
 
Figure 4-7. (a) 1H NMR spectra of no reaction mixture and tetra-PNIPAAm before 
addition of AllAm, tetra P(NIPAAm)-b-AllAm purified. 
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and appeared broad elution peaks in the higher molecular weight region. It suggested 
that a few AllAm of polymer occur crosslinking and formed branch polymer. We also 
synthesized random copolymer (P(NIPAAm-co-AllAm)) by FRP. It was demonstrated 
from 1H NMR that AllAm was enabled to introduced into P(NIPAAm-co-AllAm) 
(Figure 4-9). Number of AllAm unit in P(NIPAAm-co-AllAm) was nearly same as 
tetraP(NIIPAAm)-b-(AllAm). P(NIPAAm-co-AllAm) presented higher molecular 
weight (Mn=48322) and broad Mw/Mn=5.018. P(NIPAAm-co-AllAm) also 
demonstrated broad molecular destribution that mean forming branch polymer. 
 
Figure 4-8. GPC measurement of tetra-PNIPAAm and tetra-PNIPAAm-b-PAllAm. 
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Figure 4-9. (a) 1H NMR spectrum of P(PNIPAAm-co-AllAm). (b) GPC 
measurement of P(PNIPAAm-co-AllAm).  
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These polymers exhibited slightly difference in LCST (Figure 4-10). Some research has 
been reported that LCST are affected by molecular weight27. Therefore, 
P(NIPAAm-co-AllAm) demonstrated lower LCST due to their large molecular weight.  
 
 
  
 
Figure 4-10. Transmittance vs temperature for 0.5 wt % solutions of 
tetra-PNIPAAm-b-PAllAm and P(NIPAAm-co-AllAm). 
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4.3.8 Gelation of tetra-PNIPAAm-b-PAllAm gels 
Thiol-ene coupling reaction is useful for formation network structure. Some 
research has been reported gelation by thiol-ene coupling28, 29. Thiol-ene coupling 
reaction occurred between alkenes and thiol without oxygen inhibition and form. In our 
study were used 2,2’-(Ethylenedioxy)diethanethiol (EDDET) for cross-linker. 
tetra-PNIPAAm-b-PAllAm were mixed with EDDET and Irgacure 2959 as 
photoinitiator in MeOH and these mixtures were irradiated by wide range of UV to 
form gels. tetra-PNIPAAm-b-PAllAm gels were obtained by irradiating UV for 15min 
(Figure 4-11). P(NIPAAm-co-AllAm) were also formed gel by same method.  
We carried out compression test to investigate their mechanical properties (Figure 
4-12). Figure 4-12 show result of compression test as prepared (a) and swelling in 
MeOH (b). Tetra-PNIPAAm-b-PAllAm gels demonstrated lower mechanical 
performance than P(NIPAAm-co-AllAm) at any polymer concentration before and after 
swelling. We calculated their elastic modulus from stress-strain curve (Table 4-3, 4-4, 
4-5). 
Both gels of tetra-PNIPAAm-b-PAllAm (tetra-arm copolymer) and 
P(NIPAAm-co-AllAm)(liner copolymer) exhibited increasing elastic modulus with 
increasing polymer concentration (Table 4-3). When gelation occurs in high polymer 
concentration, they lead to the formation of a gel network with high polymer density. 
Thus, it causes increasing in the number of cross-links per gel volume. As a result, 
crosslinking densities are increasing with polymer concentration. Crosslinking density 
of tetra-PNIPAAm-b-PAllAm gels in any condition were lower than 
P(NIPAAm-co-AllAm) gels. Theoretical molecular weight between neighboring 
crosslinking point (Mc) was obtained by 1H NMR spectra and GPC measurement. As a 
result, it is characterized that Mc of tetra-PNIPAAm-b-PAllAm (Mc=11084) was longer 
than P(NIPAAm-co-AllAm) (Mc=5074). Therefore, tetra-PNIPAAm-b-PAllAm gels 
exhibited low crosslinking density. Furthermore, experiment crosslinking densities 
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(νexp) were also compared with theoretical value (νtheo) obtained by eq 4-1 (Table 4-4). 
In low polymer concentration, PNIPAAm-b-PAllAm gel was far from theoretical 
network than P(NIPAAm-co-AllAm). Since PNIPAAm-b-PAllAm gel have smaller 
radius of polymer chain than P(NIPAAm-co-AllAm), opportunities for crosslinking 
between intermolecular are decrease. Increasing the concentration of the polymer allows 
the polymers to overlap each other that became easily intermolecular reaction and 
approach the ideal network.  Compared to P(NIPAAm-co-AllAm) gel, 
PNIPAAm-b-PAllAm gel became close to theoretical value at lower polymer 
concentration than liner copolymer. Furthermore, P(NIPAAm-co-AllAm) gel exhibited 
higher crosslinking density than theoretical value in polymer concentration 20wt%. It is 
due to entanglement of polymer. On the other hand, crosslinking density of 
PNIPAAm-b-PAllAm gel was still near theoretical value. These results suggested that 
tetra-arm polymer have a potential for synthesis ideal network.  
 
Figure 4-11. Photographs of tetra-PNIPAAm-b-PAllAm gels and 
P(NIPAAm-co-AllAm) gels at different polymer concentration. 
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Figure 4-12. Stress-strain curves for tetra-PNIPAAm-b-PAllAm gel and 
P(NIPAAm)-co-AllAm) gel (a) as prepared and (b) after swelling in MeOH. 
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Table 4-3. Mechanical properties of tetra-PNIPAAm-b-PAllAm (tetra copolymer) 
gels and P(NIPAAm-co-AllAm) (liner copolymer) gels as prepared. 
Polymer 
concentration 
wt/vol (%) 
Solvent content (%) Elastic modulus (kPa) 
Crosslinking 
density(νexp) (mol/m3) 
 
tetra 
copolymer 
liner 
copolymer 
tetra 
copolymer 
liner 
copolymer 
tetra 
copolymer 
liner 
copolymer 
10 91.92 87.22 1.28 4.02 1.17 3.07 
15 85.10 85.93 4.31 8.15 3.10 6.01 
20 84.10 79.10 7.49 20.49 5.26 12.89 
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Table 4-5. Mechanical properties of tetra-PNIPAAm-b-PAllAm (tetra copolymer) 
gels and P(NIPAAm-co-AllAm) (liner copolymer) gels as swollen. 
Polymer 
concentration 
wt/vol (%) 
Solvent content (%) Elastic modulus (kPa) 
Crosslinking 
density(νexp) (mol/m3) 
 
tetra 
copolymer 
liner 
copolymer 
tetra 
copolymer 
liner 
copolymer 
tetra 
copolymer 
liner 
copolymer 
10 96.60 93.52 0.06 5.36 0.08 5.27 
15 94.48 90.65 2.81 14.80 2.92 12.74 
20 92.20 87.55 6.29 24.78 5.78 19.15 
 
 
Table 4-4. Crosslinking ratio between experimental (νexp) and theoretical value (νtheo) 
of tetra-PNIPAAm-b-PAllAm (tetra copolymer) gels and P(NIPAAm-co-AllAm) 
(liner copolymer) gels as prepared. 
Polymer concentration 
wt/vol (%) 
νexp/νtheo 
 
tetra 
copolymer 
liner 
copolymer 
10 0.51 0.61 
15 0.90 0. 80 
20 1.14 1.28 
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4.3.9 Temperature-responsiveness of tetra-PNIPAAm-b-PAllAm gel 
Since tetra-PNIPAAm-b-PAllAm and P(NIPAAm-co-AllAm) exhibited phase 
separation above 35ºC, we measured volume change in both gels at 40 ºC. Figure 4-13 
showed water retention ratio after immersed in 40ºC as function of time. In 
conventional FRP, high polymer concentration and large amount of cross-linker agent 
present slower shrinking kinetics because of less of loop and dangling chains30. 
However, our gels represented opposite results. In case of forming network by 
macromolecules, low polymer concentration is difficult to form large network. This 
create small cluster of network and cause decreased gel fraction. On the other hand, it is 
inferred that small network have high homogeneous. Even if crosslinking density of 
tetra-PNIPAAm-b-PAllAm gels were smaller than P(NIPAAm-co-AllAm) gels, 
Tetra-PNIPAAm-b-PAllAm gels demonstrated longer retention time of water than 
P(NIPAAm-co-AllAm) gel in any polymer concentration. In addition, shrinking kinetics 
of P(NIPAAm-co-AllAm) gels are decreased with increasing polymer concentration 
while tetra-PNIPAAm-b-PAllAm gels show no change in shrinking kinetics with 
increasing polymer concentration between 15% and 20%. These results 
tetra-PNIPAAm-b-PAllAm form more homogeneous network. Even increasing polymer 
concentrations, they maintain high homogeneity in network. 
 
 
Figure 4-13. Variation in water content of tetra-PNIPAAm-b-PAllAm and 
P(NIPAAm-co-AllAm) after T-jump from 25ºC to 40ºC. 
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4.3.10 Micro PNIPAAm gels prepared by tetra-PNIPAAm-b-PAllAm 
Recently, we reported microsized molecularly stimuli-responsive hydrogels 
exhibited rapidly shrinking behavior due to their small sized. They were synthesized by 
photopolymerization using fluorescent microscope. This report suggested that 
tetra-PNIPAAm-b-PAllAm can be prepared microsized hydrogel using same technique. 
Pre-gel solution of tetra-PNIPAAm-b-PAllAm and P(NIPAAm-co-AllAm) prepared 
under the same condition as Table 4-1 and Table 4-2 were drop on slide grass and 
exposed under UV light at 365 nm of wavelength using a standard fluorescence 
microscope. Figure 4-14 represented gelation behavior of tetra-PNIPAAm-b-PAllAm 
and P(NIPAAm-co-AllAm). Both gels were produced by the UV-exposed region within 
10min of irradiation of pre-gel solution. Radius of microgels were not different between 
tetra-PNIPAAm-b-PAllAm and P(NIPAAm-co-AllAm). P(NIPAAm-co-AllAm) gave 
high height microgel. Since P(NIPAAm-co-AllAm) exhibited high viscosity, it hinders 
diffusion of active radical species and bring high radical concentration in the 
UV-exposed region. Hence, large microgels were obtained in P(NIPAAm-co-AllAm). 
 
 
 
Figure 4-14. Phase-contrast microscope images of tetra-PNIPAAm-b-PAllAm 
microgel and P(NIPAAm-co-AllAm) microgel on a slide grass. 
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We immersed both gels in water and investigated their responsive properties. 
Figure 4-15 show photographs for PNIPAAm gels undergoing shrinking transition at 
45ºC. Tetra-PNIPAAm-b-PAllAm microgel formed bubble on surface of gel until 3h. In 
contrast, there were no bubble formation in P(NIPAAm-co-AllAm) microgel. This 
result was attributed to difference in crosslinking density. Figure 4-16 variation swelling 
ratio after immersed in water at 45ºC as function of time. Compared to macroscopic 
PNIPAAm gels (Figure 4-13), both micro gels showed rapidly shrinking due to large 
surface area. However, it took 400 minutes for the tetra-PNIPAAm-b-PAllAm to shrink 
completely even if it was microsize. This result was agreement with macroscopic gels. 
It suggested that network structure of tetra-PNIPAAm-b-PAllAm microgels were more 
homogeneous than that of P(NIPAAm-co-AllAm) microgel. 
 
 
 
 
 
 
 
Figure 4-15. The morphological changes of tetra-PNIPAAm-b-PAllAm microgel and 
P(NIPAAm-co-AllAm) microgel after T-jump from 25ºC to 45ºC. 
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4.4 Conclusion 
We attempted to synthesis temperature-response gels using crosslinking of tetra 
macromolecules. We successfully synthesized tetra-PNIPAAm-b-PDAAm and 
tetra-PNIPAAm-b-PAllAm by using SET-LRP. DAAm in tetra-PNIPAAm-b-PDAAm 
occurred crosslinking with ADH and tetra-PNIPAAm-b-PDAAm formed gel. This gel 
exhibited shrinking behavior at 35ºC and pH-sensitive degradation. 
Tetra-PNIPAAm-b-PAllAm formed by thiol-ene reaction using photo irradiation. We 
also synthesized copolymer of NIPAAm and AllAm to compare with 
tetra-PNIPAAm-b-PAllAm. Crosslinking densities of tetra-PNIPAAm-b-PAllAm were 
close to theoretical value. Furthermore, tetra-PNIPAAm-b-PAllAm demonstrated 
slower shrinking kinetics than P(NIPAAm-co-AllAm) in spite of lower crosslinking 
density. Our results suggested that tetra-PNIPAAm-b-PAllAm gels were more 
homogeneous compared to P(NIPAAm-co-AllAm) gel. We attempted to synthesize 
microgels from tetra-PNIPAAm-b-PAllAm by fluorescent microscope. We obtained 
micros-size PNIPAAm gels. These microgels demonstrated rapidly shrinking than 
macroscopic gels. 
 
 
Figure 4-16. Variation in water content ratio of tetra-PNIPAAm-b-PAllAm microgel 
and P(NIPAAm-co-AllAm) microgel after T-jump from 25ºC to 45ºC. 
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5.1 Introduction 
Hydrogels, which consist of an aqueous solution and a hydrophilic polymer 
network with covalent or noncovalent cross-links, have been used for wide range of 
technologies. In particular, stimuli-responsive hydrogels that undergo a reversible 
volume change or sol–gel transition in response to external chemical or physical stimuli 
have garnered attention as smart soft materials for applications such as sensors, 
actuators, drug reservoirs, and scaffolds for cell culture. Over the past few decades, 
numerous researchers have reported temperature-responsive polymers that undergo a 
sol–gel transition in response to a temperature change1-8. For example, AB or ABA 
block copolymers composed of a temperature-responsive block such as 
poly(N-isopropylacrylamide) and hydrophilic blocks underwent a sol–gel transition in 
response to temperature4,5. The block copolymers were in a sol state in a certain range 
of temperature but transformed to a gel state by forming flower or loop micelles with 
increasing or decreasing temperature. 
Kim et al. designed temperature-responsive triblock copolymers based on 
poly(ethylene glycol) and poly(L-lactic acid); the resultant copolymers exhibited sol-gel 
transition behavior, biodegradability, and no toxicity2,6,7. Their work suggests that sol–
gel transition polymers can be utilized as injectable gels because they can be injected 
into the body in a sol state and transform to a gel state to serve as drug reservoirs1,8. 
Since publication of the first paper about injectable hydrogels for drug reservoirs, 
numerous pH- or temperature-responsive sol-gel transition polymers have been 
designed. However, very few researchers have focused on sol-gel transition polymers 
that undergo a drastic change from a sol state to a gel state in response to a target 
biomolecule, although biomolecules such as tumour markers are useful signals for 
monitoring body conditions or for targeting a specific site. 
Biomolecules such as proteins and saccharides recognize a target molecule 
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selectively and form biomolecular complexes specifically. Such molecular recognition 
of biomolecules has been widely used for designing sensors and drug delivery systems 
in the biochemical and biomedical fields. In fabricating molecular sensors and drug 
carriers, researchers have immobilized various biomolecules on particles, films, and 
hydrogels. In particular, biomolecules with molecular recognition ability are very useful 
tools in designing biomolecularly stimuli-responsive materials and systems. To develop 
biomolecularly stimuli-responsive hydrogels that exhibit a change in the volume in 
response to a target biomolecule, we have utilized biomolecular complexes as reversible 
cross-links that dissociate and associate in response to a target biomolecule. For 
example, by introducing antibody–antigen complexes as dynamic cross-links within gel 
networks, we prepared antigen-responsive hydrogels that swell in response to a target 
antigen9,10. The antigen-responsive changes in the gel networks’ swelling ratio are 
caused by the dissociation of the antigen-antibody complex cross-links in the presence 
of free antigen and by the complex formation between antibody and antigen binding to 
networks in the absence of free antigen. In addition, we designed glucose-responsive 
hydrogels using the complex formation between polymers with pendant glucose groups 
and lectin concanavalin A (Con A), which is a carbohydrate-binding protein. The 
resulting hydrogels swelled gradually in the presence of free glucose because of the 
dissociation of the molecular complexes between Con A and pendant glucose groups, 
which acted as dynamic cross-links11,12. 
By contrast, we strategically designed biomolecularly stimuli-responsive hydrogels 
that shrink in response to a target molecule by molecular imprinting using molecular 
complexes as dynamic cross-links of polymer networks13-15. For example, 
biomolecularly imprinted hydrogels with both Con A and an antibody as ligands shrank 
gradually in the presence of a target tumour marker glycoprotein. Complex formation of 
cyclodextrin with bisphenol A, which has been identified as a suspected 
endocrine-disrupting chemical16, as a target organic molecule was also used for the 
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preparation of molecularly stimuli-responsive hydrogels. Microsized molecularly 
stimuli-responsive hydrogels synthesized by photopolymerization using a fluorescent 
microscope within microfluidics autonomously regulated flow rates in microchannels in 
response to a change in the concentration of a target molecule17. These results suggest 
that molecularly stimuli-responsive materials and systems can be fabricated using 
molecular complexes as dynamic cross-links because the number of cross-links in the 
polymer network strongly influences the swelling behavior. 
A few researchers have reported sol–gel transitions induced by protein–peptide 
interactions. For example, Kiick et al. reported that an aqueous solution containing a 
heparin-modified star polymer underwent gelation in response to a heparin-binding 
growth factor (VEGF)18-20. The resulting hydrogels were collapsed to a sol state in the 
presence of a VEGF receptor because VEGF acting as a cross-linker was removed by its 
binding with the VEGF receptor. Such molecularly stimuli-responsive polymers that 
undergo a sol–gel transition in response to a target biomolecule can be utilized as 
reservoirs for drug delivery and scaffolds for tissue engineering21-23. Although 
temperature and pH are useful signal to regulate sol–gel transition, they result in 
unintentional sol-gel transition because of easily changeable parameters. On the other 
hand, a target biomolecule is a specific signal to monitor body conditions and to 
regulate sol–gel transition. These mean that biomolecularly stimuli-responsive polymers 
are in a very stable sol or gel state, which are not influenced by changes in temperature 
and pH. However, the addition of a trigger molecule that dissociates the biomolecular 
complex cross-links can induce the phase transition from a gel state to a sol state. 
In this study, focusing on an avidin-biotin complex, which exhibits the strongest 
known noncovalent interactions, as a dynamic cross-linker, we designed molecularly 
stimuli-responsive sol–gel transition polymers by conjugating four-armed poly(ethylene 
glycol) (Tetra-PEG) with biotin. In this paper, we describe the sol-gel phase diagram of 
a buffer solution with the resultant biotin-conjugated Tetra-PEG (biotinylated 
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Tetra-PEG) as a function of polymer concentration and biotin/avidin ratio. The PEG 
hydrogel formed by cross-linking based on the avidin–biotin complex was collapsed to 
a sol state by the dissociation of the complex in the presence of free biotin. 
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5.2 Experimental 
5.2.1 Materials 
Pentaerythritol tetra(succinimidyloxyglutaryl)polyoxethylene (succinimidyl 
Tetra-PEG) (Mw=40,000) and pentaerythritol tetra(aminopropyl)polyoxyethylene  
(Mw=40,000) were purchased from NOF Corporation (Tokyo, Japan). 
(+)-Biotinyl-3,6-dioxaoctanediamine (amine-PEG2-biotin) and 
1-ethyl-3-(3-dimethylaminopropyl) carbodiimide HCl were purchased from Thermo 
Fisher Scientific (Tokyo, Japan). Avidin from egg white was purchased from Nacalai 
Tesque (Kyoto, Japan). Biotin and 4,4’-dithiodibutyric acid (DDA) were purchased 
from Tokyo Chemical Industry (TCI, Tokyo, Japan). N-Hydroxysuccinimide was 
purchased from Wako Pure Chemical Industries (Wako, Japan). 
 
5.2.2 Synthesis of biotinylated Tetra-PEG 
Amine-PEG2-biotin and succinimidyl Tetra-PEG were mixed in a phosphate buffer 
solution (pH 7.4, 20 mM) and incubated for 24 h at 25°C. In the reaction, we used ten 
times larger amount of amine-PEG2-biotin than the amount of succinimidyl Tetra-PEG 
to prevent the succinimidyl Tetra-PEG from being hydrolysed before reacting with 
amine-PEG2-biotin. After the reaction mixture was purified by dialysis, biotinylated 
Tetra-PEG was obtained by freeze-drying. The amount of biotin moiety introduced onto 
a Tetra-PEG molecule was determined by proton nuclear magnetic resonance (1H 
NMR) spectroscopy (JNM-AL 400 spectrometer, JEOL Ltd, Tokyo, Japan) and by 
4’-hydroxyazobenzene-2-carboxylic acid (HABA) assay. The HABA assay was 
performed using a Biotin Quantitation Kit (Thermo Fisher Scientific, Tokyo, Japan). 
After an aqueous solution of biotinylated Tetra-PEG was added to a HABA/avidin 
premix according to the instructions of the manufacturer of the Biotin Quantitation Kit, 
the absorbance of the resulting solution at 500 nm was measured using a UV–vis 
spectrophotometer (UV-2550, Shimadzu Corporation, Kyoto, Japan). 
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5.2.3 Gel permeation chromatography (GPC) 
The molecular weights of succinimidyl Tetra-PEG and biotinylated Tetra-PEG 
were determined using GPC (TOSOH, 8020). Their polymers were dissolved in a 
phosphate buffer solution with a polymer concentration of 1mg/mL (pH7.4, 20mM). 
Operating temperature was 30 °C. Columns were TSK-GEL G5000PWXL No H3322 
and No G3362. The GPC eluent was a phosphate buffer solution (pH7.4, 20mM) at a 
flow rate of 0.5 mL min−1. Calibration was conducted using a series of linear PEG 
standards (Mw=982–87,900). The GPC measurements revealed that succinimidyl 
Tetra-PEG and biotinylated Tetra-PEG had Mw=42,448 and 48,627, which almost 
agreed with the molecular weight described by NOF. 
 
5.2.4 Determination of affinity constant of avidin with biotinylated 
Tetra-PEG 
A biotin-immobilized Au chip was prepared as follow; An Au chip was immersed 
in ethanol containing 10 μM DDA for 30 min and was then washed with ethanol. The 
resulting carboxyl group-introduced Au chip was immersed in ultrapure water 
containing 1-ethyl-3-(3-dimethylaminopropyl) carbodiimide HCl (25 mg) and 
N-hydroxysuccinimide (15 mg) for 30 min to introduce succinimidyl groups onto the 
chip, followed by washing with ultrapure water. After the resulting succinimidyl 
group-introduced Au chip was immersed in a phosphate buffer solution of 10 μg/mL 
amine-PEG2-biotin for 1 day, a biotin-immobilized Au chip was obtained by washing 
with ultrapure water. Surface plasmon resonance (SPR) measurements were then carried 
out as follows. A phosphate buffer solution (20 mM, pH 7.4) was flowed over the 
biotin-immobilized Au chip at a flow rate 15 μL/min until the baseline stabilized. A 
phosphate buffer solution with avidin (1.0 × 10−14 M) was then injected at 15 μL/min, 
and a phosphate buffer solution (20 mM, pH 7.4) was flowed to remove excess avidin. 
Finally, a phosphate buffer solution with biotinylated Tetra-PEG (1.0 × 10−14 M) was 
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injected for determining the affinity constant of avidin with biotinylated Tetra-PEG. 
Pentaerythritol tetra (aminopropyl)polyoxyethylene (1.0 × 10−14 M), which was 
Tetra-PEG without biotin moieties, was also flowed as a reference. 
 
5.2.5 Gelation of a buffer solution with biotinylated Tetra-PEG 
Biotinylated Tetra-PEG was dissolved in phosphate buffer solutions with various 
polymer concentrations. The resultant solutions containing biotinylated Tetra-PEG were 
mixed with a buffer solution containing avidin (500.3 mg/mL). The concentrations of 
biotinylated Tetra-PEG in 200 μL of the buffer solution were 5, 10, 25, and 50 mg/mL, 
and the biotin/avidin ratios were 1, 2, 3, 4, and 5. The viscoelasticity of the mixed 
solution containing biotinylated Tetra-PEG and avidin was measured using a rheometer. 
The rheological measurements were performed at 25°C using a RheoStress 300 (Anton 
Paar, Japan, MCR102) configured in parallel-plate geometry. Measurements of gelation 
were conducted in a dynamic oscillatory mode with a constant strain as a function of 
frequency in the range from 0.01592 Hz to 15.92 Hz. We determined that the mixed 
solution transformed to a gel state when its storage modulus (G’) became larger than its 
loss elastic modulus (G”) at 1 Hz. 
 
5.2.6 Phase transition from a gel state to a sol state 
 The Tetra-PEG hydrogel with avidin–biotin complexes was prepared by mixing 
phosphate buffer solutions with biotinylated Tetra-PEG and avidin at a polymer 
concentration of 50 mg/mL and a biotin/avidin ratio of 3. A phosphate buffer solution 
with 20 mg/mL of free biotin was added to the resulting avidin/biotinylated Tetra-PEG 
hydrogels. The phase transition of the hydrogel to a sol state was confirmed by turning 
its container upside down 
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5.3 Results and Discussion 
5.3.1 Characterizations of biotinylated Tetra-PEG 
An avidin has four biotin-binding sites to form an avidin–biotin complex. The 
binding of avidin with biotin results in the strongest known noncovalent interaction24. 
Therefore, the avidin–biotin complex has been utilized as a connector for introducing 
functional moieties to biomolecules25, 26. In this study, we focused on the avidin–biotin 
complex as a dynamic cross-link for forming a network of PEG, which is a 
biocompatible polymer that has been bioconjugated with various biomolecules. First, 
biotin moieties were introduced onto Tetra-PEG via the reaction of the succinimidyl 
group of succinimidyl Tetra-PEG and the amino group of amine-PEG2-biotin. The 
chemical structures of the amine-PEG2-biotin, succinimidyl Tetra-PEG, and biotinylated 
Tetra-PEG were analyzed by 1H NMR spectroscopy (Figure 5-1). In the 1H NMR 
spectrum of biotinylated Tetra-PEG, the characteristic peaks at 4.2 ppm (blue line) and 
4.5 ppm (green) were assigned to PEG and to the succinimidyl group, respectively. The 
appearance of these peaks confirms the successful synthesis of biotinylated Tetra-PEG. 
The 1H NMR spectrum demonstrates that the number of biotin molecules bound to a 
Tetra-PEG molecule was 3.6.  
The HABA assay is a powerful method to determine the number of biotin 
molecules introduced onto a Tetra-PEG molecule27,28. HABA binds with four 
recognition sites of an avidin molecule. An absorption peak appears at a wavelength of 
approximately 500 nm in the UV–vis absorption spectrum of a solution containing 
avidin–HABA complex. Compared with biotin, HABA exhibits a much weaker affinity 
constant for avidin; thus, the addition of free biotin induces the dissociation of the 
avidin–HABA complex that absorbs at 500 nm via the complex exchange of HABA for 
biotin, with a concomitant decrease in the absorption at 500 nm. The decrease in 
absorption is directly related to the amount of free biotin exchanged with HABA. 
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Adding biotinylated Tetra-PEG to a buffer solution containing the avidin–HABA 
complex also results in a decrease in the absorption at 500 nm because of its complex 
exchange with biotinylated Tetra-PEG. The number of biotin in the biotinylated 
Tetra-PEG can be determined from the decrease in the absorption at 500 nm. The  
HABA assay indicated that a biotinylated Tetra-PEG has an average of 3.6 biotins at the 
four chain ends of its Tetra-PEG. This result agreed with the result from 1H NMR 
spectrum. 
The avidin-biotin complex is known to exhibit the strongest observed noncovalent 
interactions. We investigated the specific interaction between the resulting biotinylated 
Tetra-PEG and avidin by SPR spectroscopy. As a result, the affinity constants (KA) of an 
avidin for free biotin and for the biotinylated Tetra-PEG were KA = 2.1 × 1015 and KA = 
1.7 × 1014, respectively. The SPR spectra revealed that the biotinylated Tetra-PEG had a 
weaker affinity for avidin than did free biotin. The affinity constant of the biotinylated 
Tetra-PEG for avidin became lower than that of free biotin for avidin because the steric 
effects of the PEG chains prevent avidin from binding with biotin29. The decrease of the 
affinity constant of the biotinylated Tetra-PEG for avidin means that its complex with 
avidin can be partially dissociated by the free biotin, which has a higher affinity 
constant for avidin, via the complex exchange mechanism. 
 
 
Figure 5-1. 1H NMR spectra of (a) succinimidyl Tetra-PEG, (b) amine-PEG2-biotin, and (c) 
biotinylated Tetra-PEG. 
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5.3.2 Sol–gel transition of aqueous solution with biotinylated Tetra-PEG 
In this study, to achieve a biomolecularly stimuli-responsive sol–gel transition, we 
used the avidin–biotin complex because of its strong noncovalent interactions. The 
strong interaction between the avidin and biotin moiety enables the formation of a stable 
hydrogel in response to a target biomolecule. We investigated the sol–gel transition of a 
buffer solution with the biotinylated Tetra-PEG after the addition of free avidin. As 
shown in Figure 5-2, as soon as a buffer solution with avidin was added to a buffer 
solution with the biotinylated Tetra-PEG, the resultant mixture gelled. Thus, a buffer 
solution with the biotinylated Tetra-PEG undergoes a sol–gel transition in response to 
avidin as a target biomolecule.  
In general, when an aqueous solution containing sol-gel transition polymers 
transforms from a sol state to a gel state, its storage modulus (G’) becomes larger than 
its loss modulus (G”). Next, we carried out dynamic viscoelastic measurements to 
determine the phase diagram of the biotinylated Tetra-PEG. Figure 5-3 shows the phase 
diagram of biotinylated Tetra-PEG in a phosphate buffer solution as a function of the 
polymer concentration and the biotin/avidin ratio. The biotinylated Tetra-PEG formed a 
 
Figure 5-2. Phase transition of a phosphate buffer solution with biotinylated 
Tetra-PEG to a gel state in response to free avidin. 
Biotinylated Tetra-PEG
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PEG-based hydrogel upon the addition of free avidin when the biotin/avidin ratio was in 
the range from 2 to 3 and the polymer concentration was greater than 5 mg/mL. 
However, no gelation was observed in a phosphate buffer solution with a biotin/avidin 
ratio of less than 1 or greater than 4. With increasing polymer concentration, the 
gelation region in the phase diagram expands. A solution with a high polymer 
concentration preferentially formed a hydrogel because the complexation of biotinylated 
Tetra-PEG with avidin induced the formation of 3-dimensional hydrophilic PEG 
networks. However, solutions with a low polymer concentration did not form 
3-dimensional networks.  
Figure 5-3 demonstrates that there are optimal biotin/avidin ratios in the gelation of 
a phosphate buffer solution with biotinylated Tetra-PEG in response to free avidin. A 
buffer solution with a biotin/avidin ratio of 1 contains an excess of avidin for 
biotinylated Tetra-PEG because an avidin has four biotin-binding sites. The formation 
of the networks is caused by the action of avidin as a cross-linker, and the binding of an 
avidin with more than two biotin moieties of the biotinylated Tetra-PEG enables the 
formation of 3-dimensional networks. However, the excess of avidin inhibited the 
binding of an avidin with more than two biotin moieties. This inhibition is the reason a 
buffer solution with a biotin/avidin ratio of 1 underwent no sol–gel transition by the 
addition of free avidin. Similarly, a buffer solution with a biotin/avidin ratio greater than 
 
Figure 5-3. Sol–gel phase diagram for aqueous solutions of biotinylated Tetra-PEG in 
the presence of free avidin; ○: gel, ×: sol. 
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4 and a polymer concentration lower than 50 mg/mL did not transform into a gel state 
by the addition of avidin. The solution with a biotin/avidin ratio greater than 4 had a 
small amount of avidin as a cross-linker for network formation. Therefore, the solution 
with a small amount of avidin required a high polymer concentration for the formation 
of 3-dimensional networks. As a result, a buffer solution of biotinylated Tetra-PEG with 
a biotin/avidin ratio of 2–3 underwent rapid gelation by the addition of free avidin when 
the polymer concentration was greater than 5 mg/mL. The phase diagram suggests that 
the sol–gel transition of biotinylated Tetra-PEG strongly depends on both the polymer 
concentration and the biotin/avidin ratio.  
 
5.3.3 Mechanical properties of biotinylated Tetra-PEG hydrogel 
The mechanical properties of hydrogels are not only important for their potential 
applications but also for the characterization of their network structures. When 
stimuli-responsive polymers undergo a sol–gel transition in response to temperature or 
pH, the mechanical properties of the formed hydrogels are closely related to the 
polymer concentration, cross-linked structure, etc. We investigated the viscoelasticity of 
the hydrogels formed by the complexation between the biotinylated Tetra-PEG and free 
avidin under various conditions. Figure 5-4 (a) shows G’ and G” of the resulting 
hydrogels as a function of the polymer concentration when the avidin/biotin ratio was 2. 
With increasing polymer concentration in the buffer solution, both G’ and G” increased 
monotonically. Notably, G’ was greater than G” in solutions with a polymer 
concentration greater than 10 mg/mL. The fact that G’ was smaller than G” when the 
polymer concentration was less than 5 mg/mL indicates that the solution did not change 
to a gel state upon the addition of free avidin. However, G’ being greater than G” in 
cases where the biotinylated Tetra-PEG concentration was greater than 10 mg/mL 
demonstrates that the addition of free avidin to a buffer solution with a polymer 
concentration greater than 10 mg/mL induces hydrogel formation. The gelation of a 
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buffer solution with a high polymer concentration leads to the formation of a hydrogel 
network with high polymer density, followed by an increase in the number of 
cross-links per hydrogel volume, that is, as increase in the cross-linking density. The 
cross-linking of the hydrogel is based on the formation of a complex between avidin 
and biotinylated Tetra-PEG. In general, the elastic modulus of a hydrogel increases with 
increasing cross-linking density. Therefore, an increase in G’ with increasing polymer 
concentration is attributed to increased cross-linking density.  
Figure 5-4 (b) shows the effect of the biotin/avidin ratio on the G’ and the G” of the 
hydrogels formed by the complex formation between avidin and biotinylated Tetra-PEG 
when the polymer concentration in the buffer solution was 50 mg/mL. The biotin/avidin 
ratio influenced G’ more strongly than G” of the resulting avidin/biotinylated Tetra-PEG 
hydrogels. This effect is attributed to the fact that G’ directly depends on the 
cross-linking density of the hydrogel networks. The avidin/biotinylated Tetra-PEG 
hydrogels with a biotin/avidin ratio of 3 displayed the maximum G’. The relationship 
between the biotin/avidin ratio and the network structure of the resulting hydrogel can 
 
Figure 5-4. (a) Effect of the polymer concentration on the storage modulus G’ (●) and 
loss modulus G” (○) of avidin/biotinylated Tetra-PEG hydrogels. The biotin/avidin 
ratio was 2. (b) Effect of the biotin/avidin ratio on the storage modulus G’ (●) and loss 
modulus G” (○) of the avidin/biotinylated Tetra-PEG hydrogels. The polymer 
concentration was 50 mg/mL. 
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be explained as follows (Figure 5-5). In a buffer solution with a biotin/avidin ratio less 
than 2, the excess of free avidin prevents the biotinylated Tetra-PEG from forming 
3-dimensional networks because of their complex formation without the action of avidin 
as a cross-linker. By contrast, the G’ of the avidin/biotinylated Tetra-PEG hydrogel with 
a biotin/avidin ratio greater than 4 decreased because the amount of avidin with four 
biotin-binding sites24, which acted as a cross-linker for forming the networks, became 
small. As a result, when the biotin/avidin ratio was less than 2 or greater than 4, the G’ 
drastically decreased. The 1H NMR spectrum and HABA assay indicated that each 
biotinylated Tetra-PEG had an average of 3.6 biotins at its four chain ends. Therefore, in 
a buffer solution with a biotin/avidin ratio of 3, the number of a biotin-binding sites of 
avidin was approximately equal to the number of biotins of the biotinylated Tetra-PEG. 
Under conditions where an avidin can form the complex with four biotins, the avidin–
biotin complexes act as the most effective cross-links for the formation of hydrogel 
networks, which is why the avidin/biotinylated Tetra-PEG hydrogels formed in a 
biotin/avidin ratio of 3 exhibited the maximum G’.  
 
  
 
 Figure 5-5. Schematic of the structural changes of avidin/biotinylated 
Tetra-PEG hydrogels with increasing biotin/avidin ratio. 
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5.3.4 Phase transition of avidin/biotinylated Tetra-PEG hydrogel to the 
sol state 
Our previous studies revealed that hydrogels with biomolecular complexes as 
dynamic cross-links can swell in response to a target biomolecule, which acts as an 
inhibitor for dissociating the complexes8-12. Although the avidin–biotin complex is very 
stable, a large amount of free biotin can inhibit the complex formation between the 
avidin and biotinylated Tetra-PEG. We investigated the effect of the addition of free 
biotin to the avidin/biotinylated Tetra-PEG hydrogel with avidin–biotin complexes as 
dynamic cross-links. A phosphate buffer solution with and without free biotin was 
added to the avidin/biotinylated Tetra-PEG hydrogel formed under the conditions of a 
polymer concentration of 50 mg/mL and a biotin/avidin ratio of 3. The 
avidin/biotinylated Tetra-PEG hydrogel underwent the phase transition to a sol state 
upon the addition of free biotin (Figure 5-6(a)). By contrast, the addition of a phosphate 
buffer solution without free biotin resulted in no change of the avidin/biotinylated 
Tetra-PEG hydrogel (Figure 5-6(b)). The lack of a phase transition to a sol state upon 
the addition of a phosphate buffer solution means that the avidin/biotinylated Tetra-PEG 
hydrogel is stable over a wide polymer concentration range. However, a large amount of 
free biotin can induce dissociation of the complex between avidin and biotinylated 
Tetra-PEG because of the complex exchange mechanism from the biotinylated 
Tetra-PEG to free biotin (Figure 5-7). Furthermore, the SPR measurements 
demonstrated that the affinity constant of avidin for free biotin is higher than that of 
avidin for biotinylated Tetra-PEG. The stronger affinity of avidin for free biotin than for 
biotinylated Tetra-PEG enables the hydrogel to undergo a phase transition to a sol state 
because the avidin-biotinylated Tetra-PEG complexes acting as dynamic cross-links are 
partially dissociated by the addition of free biotin. Thus, the biotinylated Tetra-PEG 
undergoes the sol–gel transition in response to free avidin and biotin. The hydrogels 
formed by the formation of a complex between avidin and biotinylated Tetra-PEG 
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appear to be Tetra-PEG hydrogels30. Biotinylated Tetra-PEG hydrogels have many 
potential applications as scaffolds for cell manipulation because they can be formed and 
dissociated in response to free avidin and biotin. As the molecular weight of PEG chains 
in biotinylated Tetra-PEG is an important factor to determine the sol-gel transition and 
some practical applications, the effect of its molecular weight and other factors on the 
phase diagram are under investigation. Although the novel strategy of utilizing strong 
biomolecular complexes as dynamic cross-linkers for a sol-gel transition still requires 
further research into possible applications, ligand-introduced Tetra-PEG such as 
biotinylated Tetra-PEG is likely to become relatively important for cell culture and 
manipulation in the future.  
 
 
Figure 5-6. Photographs of the avidin/biotinylated Tetra-PEG hydrogel before and 
after the addition of a phosphate buffer solution (a) with and (b) without free biotin. 
(a) Addition of aqueous soln with biotin
(b) Addition of aqueous soln without biotin
Aqueous 
biotin soln
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Figure 5-7. Schematic of the sol–gel transition of a buffer solution with 
biotinylated Tetra-PEG in response to free avidin and biotin. 
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5.4 Conclusions 
A novel Tetra-PEG with biotin moieties at its chain ends was synthesized as a 
biomolecularly stimuli-responsive sol-gel transition polymer. A buffer solution with 
biotinylated Tetra-PEG underwent the phase transition to a gel state upon the addition 
of free avidin because the complexes between avidin and biotinylated Tetra-PEG acted 
as dynamic cross-links. The modulus of the resulting avidin/biotinylated Tetra-PEG 
hydrogels can be modulated by changing polymer concentration or biotin/avidin ratio. 
Furthermore, the avidin/biotinylated Tetra-PEG hydrogel transformed to a sol state 
upon the addition of free biotin because of the dissociation of the complex cross-links. 
These results suggested that biomolecular complexes such as an avidin-biotin complex, 
antigen – antibody complex and DNA duplex are useful tools for designing 
biomolecularly stimuli-responsive sol–gel transition. Biomolecularly stimuli-responsive 
sol–gel transition polymers can form more stable hydrogels than temperature- and 
pH-responsive sol–gel transition polymers because the former respond to only a specific 
molecule as a target. Such smart polymers have strong potential for DDS reservoirs, 
haemostatic agents, and scaffolds for cell culture. 
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6.1 Introduction 
Hydrogels are soft materials that consisted of a three-dimensional polymer network and 
a large amount of water. As hydrogels exhibit low elastic modulus (~100kPa) and high 
water content similarly to biological tissues 1-3, they have many potential applications as 
biomaterials 4 such as extra-cellular matrix 5-7 and artificial bioorgans 8-9.While 
hydrogels are soft and flexible, they are also weak and brittle. Standard hydrogels break 
easily by loading a tensile stress less than sub-MPa and a large deformation 10. The 
fracture energy of hydrogels is only about one hundredth, compared with biological 
tissue such as cartilages. Recently, some researches about structural designs to 
overcome the low mechanical properties of hydrogels have been reported. For example, 
slid-ring gels which were composed of polymer chains and macrocycles threaded onto 
linear polymer chain demonstrated high elasticity in spite of their high swelling ratio 
11-13. Under loading stress to the slide-ring gels, they allow their cyclodextrin 
(CD)-based cross-linkers to freely move on linker polymers until equalization of tension 
in the polymer chains. Nanocomposite (NC) gels were designed using inorganic 
nanoclays as cross-linkers for forming hydrogel networks 14-16. In the NC gels, the 
nanoclays were homogeneously dispersed and acted as supermulti-functional 
cross-linker through hydrogen bonds with the polymer chains 17. NC gels exhibited high 
mechanical toughness which depended on nanoclay concentration. High extensibility in 
these gels is derived from designed cross-links that do not prevent extension of polymer 
chains. Differing from these special cross-linkers, Gong et al reported double network 
gels (DN gels) that demonstrated high strength and toughness 18. DN gels have 
interpenetrating polymer network structures consisting of densely cross-linked, highly 
swollen, and brittle polyelectrolyte 1st network and a sparsely cross-linked, condensed 
and ductile neutral 2nd network. Although both of 1st network and 2nd network are 
conventional networks formed by radical polymerization, the DN gels exhibit high 
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mechanical strength (failure tensile strain ~ 10MPa, strain 1000~2000%) and toughness 
(fracture energy ~1000Jm-2) despite high water content ~90% 19-24. High mechanical 
properties of the DN gels are based on energy-dissipating mechanism using sacrificial 
bonds from loos chains of 2nd network 25-26. The previous studies suggest that 
toughening gels requires the structural design enabling effective energy dissipation. 
Polymer gels exhibit viscoelastic behavior including both the viscous and elastic 
characteristics during deformation 27. When a stress is loaded to a polymer gel, the 
elastic component in total energy is stored as the elastic energy in the gel but the viscous 
component dissipates. Using a large amount of chemical crosslinker results in the 
formation of rigid polymer gels in which the elastic component contributes to their 
mechanical properties more strongly than the viscous component. However, as polymer 
gels with high cross-linker content have inhomogeneous structures, stress concentration 
to weak structure causes their low fracture stress and strain. The viscous component 
does not contribute to the elastic behavior because the applied stress is dissipated by 
creeping of polymer chains. To design tough gels, therefore, we focused on the viscous 
component for allowing energy to dissipate. Decreasing cross-linker content relatively 
increases the contribution of the viscous component to mechanical properties of the gels. 
In addition, our concept includes that high polymer concentration and large molecular 
weight enable effective energy-dissipating. This paper proposes a universal strategy to 
prepare hydrogels with highly mechanical toughness from ordinary polymers by 
conventional radical polymerization. Our strategy focuses on structural design enabling 
energy-dissipating, in which high polymer concentration and large molecular weight 
enable hydrogels to have a lot of entanglements as physical cross-links and polymer 
chains can creep easily due to low chemical cross-linker content. To demonstrate that 
our strategy is universal, we chose polyacrylamide (PAAm) as a main chain, which has 
been widely used in a variety of fields. Although there have been some papers about 
tough PAAm gels designed using macrocross-linker or cyclodextrins as unique 
Chapter 6. Preparation of tough hydrogels by conventional radical polymerization. 
____________________________________________________________________________________ 
_____________________________________________________________________________________ 
119 
cross-linker 28-29, we designed tough PAAm gels by conventional free radical 
copolymerization with acrylamide as a main monomer and divinylmonomer as a 
standard cross-linker under preparative conditions of the monomer concentration and 
cross-linker content with a wide range. The mechanical properties of the resultant 
PAAm gels were investigated by tensile and compression tests. 
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6.2 Experimental 
6.2.1 Materials 
Acrylamide (AAm), N, N'-methylenebisacrylamide (MBAA), N, N, N', 
N'-tetamethylethylenediamine (TEMED), ammonium persulfate (APS), and urea were 
purchased from Wako Pure Chemical Industries (Wako, Japan). 
6.2.2 Synthesis of poly acrylamide (PAAm) gels 
AAm, which was recrystallized from benzene prior to use, and TEMED were 
dissolved in each solvent (deionized water, MeOH/H2O=2/3(v/v) or 2M urea solution) 
to prepare monomer solution. MBAA and APS were dissolved in each solvent same 
monomer solution. The aqueous MBAA solution was added to the monomer solution to 
achieve a total volume of 2.42 mL. Monomer and MBAA mixture and aqueous APS 
solution were degassed using freeze-pump-thaw cycles and purged with Ar. After 
freeze-pump-thaw cycles, the aqueous APS solution (0.08mL) was added to the mixture 
in ice bass to prevent premature gelation. This pre-gel solution introduced into the 
reaction cell comprising two 1 mm-thick glass slides separated with a 1.76 mm-thick 
glass spacer (for tensile test) or 5mm-thick glass spacer (for compression test). They 
incubated in 25ºC for 1 day. Finally, PAAm gels were taken from cell  
[APS] : [TEMED] = 0.47×10-3M : 4.0×10-3M. 
 
 
Figure 6-1. Preparation of PAAm gels. 
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6.2.3 Characterization of PAAm gel 
Elastic modulus, crosslinking density, solvent content and conversion for monomer 
were calculated using same method in chapter 2. 
Theoretical crosslinking density was obtained following Eq 6-1. 
𝛎𝒕𝒉𝒆𝒐 =
𝑪𝒄𝒓𝒐𝒔𝒔×𝒇
𝟐
× 𝒄𝒐𝒏𝒗𝒆𝒓𝒔𝒊𝒐𝒏  Eq 6-1 
Where Ccross is cross-linker concentration in feed and f is functionality of cross-linker 
(MBAA=4), conversion was obtained by Eq 2-1. 
 
6.2.4 Mechanical test 
Tensile measurements were performed on PAAm gels prepared in tensile test cell 
using a mechanical testing instrument (SMT1-2-N, Shimadzu Co. Ltd., Kyoto) with 10 
load cell. Tensile properties of PAAm gels were obtained under crosshead speed, 50 
mm min-1. Compression properties of PAAm gels were occurred same machine with 10 
load cell and crosshead speed was 50 mm min-1.  
 
6.2.5 Cycle tensile test  
Cycle tensile tests were carried out in same condition of tensile test under crosshead 
speed, 5 mm min-1, 50 mm min-1 and 500 mm min-1. Cycle was 5 times. 
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6.3 Result and discussion 
6.3.1 Mechanical toughness of PAAm gels in prepared state 
Figure 6-2 showsn the results of tensile test of as-prepared PAAm gels synthesized with 
different monomer concentrations and cross-linker contents. When the monomer 
concentration was 1M and the cross-linker content is below 0.5mol%, the tensile tests of 
the PAAm gels were not performed because they were too soft. High monomer 
concentrations (2.5M and 5M) allowed the PAAm gels to form in spite of 0.001mol% 
cross-linker content. The PAAm gels with a low cross-linker content exhibited ten times 
elongations in any monomer concentration. Especially, the PAAm gels prepared at 2.5M 
monomer concentration and 0.01mol% cross-linker content showed the highest fracture 
strain even if their water content were 90% (Figure 6-3). In contrast, the fracture stress of 
the PAAm gels was effectively improved with increasing monomer concentration. The 
improved fracture stress is due to high polymer density in the PAAm gel network. High 
monomer concentration causes permanent chain entanglements that act as topological 
cross-links 30-31. As a result, fracture strain of PAAm gels prepared at 5M monomer 
concentration was lower than that at 2.5M monomer concentration. When cross-linker 
contents were higher than 0.5mol%, the stress strain curve showed a straight line. 
Conventional polymer network materials such as elastomers demonstrate S-shape stress 
strain curves because polymer chains bring about the extension from thread-like shape. 
Our results show that a lot of chemical cross-links caused the fracture of the PAAm gels 
before the elongation of their polymer chains. This is attributed to the stress 
concentration to weak chains in the inhomogeneous polymer network. Interestingly, 
when only AAm was polymerized at a monomer concentration of 5M, a self-standing 
PAAm gel was obtained in spite of no cross-linker agent. The PAAm gel prepared 
without the chemical cross-linker exhibited the same water content (74.65 wt%) as that 
with a cross-linker content of 0.01mol%. A lot of entanglements of polymer chains, 
which were induced by the polymerization at a high monomer concentration, acted as 
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physical cross-links. However, when the strain of the PAAm gel without chemical 
cross-linker was larger than 2, the stress was quickly relaxed by the creeps of polymer 
chains and easy to break at low strengths. These results suggest that the preparative 
designs of stretchable and tough gels need not only polymerization at a high monomer 
concentration but also a minute amount of cross-linker.   
 
 
 
  
 
Figure 6-2. Tensile stress strain curves of PAAm gels as-prepared in water. 
[AAm]=(a) 1M and (b) 2.5M, (c) 5M. 
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Figure 6-4 shows stress-strain curves of as-prepared PAAm gels synthesized with 
different monomer concentrations and cross-linker contents from during compression 
tests. PAAm gels with less cross-linker content than 0.1mol% were not failed over 90% 
strain and 6000kPa at any monomer concentration. At 5M monomer concentration, 
PAAm gels with low cross-linker content were not correctly measured because they 
slipped from plate. Despite the presence of the cross-linker agent, it was not broken 
more than 90% strain and slipped from plate. In compression test, force is applied in the 
direction to push inward that brought about increasing polymer density and compression 
strain is smaller than tensile test. As a result, compression stress is higher than tensile 
stress. Figure 6-4 suggested that PAAm gels that their fracture strains are higher than 2 
can exhibit higher compression toughness.  
 
 
 
 
 
 
Figure 6-3. Water content of PAAm gels as-prepared. 
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6.3.2 Mechanical toughness of PAAm gels in swelling state 
In case of as-prepared, PAAm gels demonstrated high toughness because they did 
not large amount of solvent. Next, we investigated their mechanical properties in 
swelling state. 
Figure 6-5 show stress strain curve from tensile test after swelling in water. As 
compared to as-prepared (Figure 6-2), swelling polymer gels exhibited decrease in 
mechanical strength. Less fracture stress result from increasing water content (Figure 
6-7). In swelling PAAm gels polymer chains were expand and force dissipating from 
flowing of polymer chain become rarely.  
In compression, PAAm gels show high toughness same as-prepared. Even if high 
water content (~95%), PAAm gels with low cross-linker contents ([AAm]=1M, 
[MBAA]=0.05mol% and 0.1mol%) were not broken at 2500kPa limited stress of 
 
Figure 6-4. Compression stress-strain curves of PAAm gels as-prepared in water. 
[AAm] = (a) 1M, (b) 2.5M and (c) 5M. 
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machine. At monomer concentration 5M with low cross-linker content (0.001mol% and 
0.005mol%) were not measured correctly because they slipped from plate in the same 
way as-prepared (Figure 6-6 (b)). To investigate compression toughness of PAAm gels 
with low cross-linker content, we pushed swelling PAAm gel with 0.005mol% 
cross-linker content using slide grass, (shown Figure 6-8). When Slide grass was 
pressed more than 90% of their strain, PAAm gel was not break and after applying 
pressure it did not change shape from before pressure. PAAm gels with low cross-linker 
demonstrate high mechanical toughness in spite of swelling state.  
 
 
Figure 6-5. (a) Tensile stress-strain curves of PAAm gels swelling in water.  
[AAm] =5M. 
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Figure 6-6. Compression stress-strain curves of PAAm gels as swelling in water, 
[AAm] = (a) 1M, (b) 5M.  
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6.3.3 Mechanical toughness effect of preparing solvent 
Network structure of polymer chains are extremely influence in solvent. Our 
experiment sup to this point were used water as good solvent. In this section, we 
selected methanol and water mixture (MeOH/H2O=2/3) as theta solvent and we 
investigated relationship of extension polymer chain and mechanical properties. Figure 
6-9 shows result of tensile test of PAAm gels as-prepared in theta solvent. As compared 
to water, it shows decrease of fracture strain and fracture stress. In this condition, we 
obtained PAAm that enable to tensile test and its mechanical strength was also lower 
than water prepared. Their solvent contents were lower than water (Figure 6-9 (b)). It 
indicated that theta solvent lead less entanglement of polymer chain than water. Polymer 
chain in theta solvent became ideal conformation that there is no interaction between 
  
Figure 6-7. Water content of PAAm gels as swelling. 
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Figure 6-8. Photographs of swelling PAAm gel with 0.005mol% before compression 
and after. [AAm]=5M, [MBAA]=0.005mol%. 
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polymer and solvent. As a result, it is difficult for polymer chain to form entanglement 
each other since polymer chains do not swelling and form intermolecular crosslinking32. 
These considerations are also applied in PAAm gels. There are caused many loop chains 
in polymer network prepared in theta solvent. Consequently, PAAm gels exhibit lower 
mechanical strength than that prepared in water. 
At low cross-linker content, it is considered that polymer chain conformation is 
important for mechanical properties. Therefore, we examined influence of solvent for 
mechanical strength. Figure 6-10 (a) show tensile test of PAAm gels that swelled in 
different solvent prepared in water or theta solvent. Fracture strains of PAAm gels 
prepared in water were occurred difference between swelling in water (WW-swell) and 
swelling in theta solvent (WT-swell), as-prepared (W-pre). In each gels, solvent 
contents were different, shown in Table 6-1. As-prepared with lowest solvent content 
exhibited highest fracture stress. However, no significant change was observed in the 
shape of the stress-strain curve. These results implied that PAAm gels prepared in water 
were caused different in spread of polymer chain in each solvent which mean different 
polymer volume fraction.  
In contrast, PAAm gels prepared in theta solvent led to alter stress-strain curve due 
to different swelling solvent (Figure 6-10 (b)). Fracture strain of TT-swell was not 
 
Figure 6-9. (a) Tensile stress-strain curves and (b) solvent content of PAAm gels as- 
prepared in MeOH/H2O=2/3(v/v). [AAm]=5M. 
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changed while fracture stress was decrease compared before to swelling. It was 
attributed to higher solvent content (Table 6-1). TW-swell was not measured rupture 
because strength of that surpassed limit of the machine. In addition, this stress-strain 
curve did not resemble TT-swell and WW-swell. TW-swell expressed more swelling 
ratio in water compared to other PAAm gels. It indicated that there are in many loop 
chains because polymer chains in theta solvent become compact conformation33. 
Compared to TT-swell, TW-swell show lower stress at initial strain. Exceeded strain 
than 5, stress of TW-swell became higher than TT-swell. In case of TT-swell, stress is 
enabled to dissipate due to relax of fold polymer chain. In contrast, polymer chains of 
TW-swell was large elongated by large swelling ratio that gave large tension.   
 
 
 
  
 
Figure 6-10. Tensile stress strain curves of PAAm gels prepared in (a) water and (b) 
theta solvent. [AAm]=5M and [MBAA]=0.01mol%. 
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6.3.4 Effect of hydrogen bond 
One reason of high elongation in PAAm gels is thought that hydrogen bond formed 
by amine group in PAAm act as sacrificial bond for energy-dissipating. To confirm 
effect of hydrogel bond, PAAm gels swelling in 2M urea solution that inhibit hydrogen 
bond were carried out tensile test. Figure 6-11 shows result of tensile test of PAAm gel 
swelling 2M urea solution or water prepared in water. There were no differences 
between 2M urea solution and water. It indicated that hydrogen bond is not worked in 
swelling gels due to far distance between polymer chains.  
We also investigated influence of hydrogen bond in before swelling. Figure 6-11 
displayed stress-strain curve by tensile test of PAAm gels before swelling synthesized in 
2M urea solution or water as prepared state. If there are hydrogen bond in PAAm gel, 
PAAm gel prepared in 2M urea solution are decrease their stress. However, our result 
showed contradictory from these considerations. Hence, differences between 2M urea 
solution and water were result from another factor. When we observed PAAm gel 
prepared in 2M urea solution, it became hard. It was meant that PAAm gel prepared in 
2M urea dried solution during tensile test. Therefore, mechanical properties of PAAm 
gel prepared in 2M urea solution were higher than that as-prepared in water. 
Table 6-1. Solvent content of PAAm gels prepared in water and theta solvent. 
 
Prepared solvent Swelling solvent solvent content 
W-pre water × 74.65±0.48 
WW-swell water water 90.88±0.25 
WT-swell Water theta solvent 79.42±0.24 
T-pre theta solvent × 67.20±2.94 
TW-swell theta solvent water 95.72±4.85 
TT-swell theta solvent theta solvent 85.52±7.15 
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PAAm gels are compared for strain rate, shown in Figure 6-12. In PAAm gel 
as-prepared in water, faster strain rate (500mm/min) lead to higher stress than slow 
strength rate (5mm/min or 50mm/min). On the other hand, that as-prepared in 2M urea 
solution show no change in different strain rate. It was also same swelling PAAm gels in 
both of water and 2M urea solution. This result proved that PAAm gels are formed 
hydrogen bond in prepared state at faster strain rate. When strain rate is faster than the 
association/dissociation rate of hydrogen bond, it can work as crosslinking. At slower 
strain rate, one hydrogen bond is dissociated, and another hydrogen bond is formed at 
same time, which bring decrease a number of crosslinking point. In contrast, swelling 
state did not represent different behavior in change strain rate. This is because distance 
between polymer chains was too far to form hydrogen bonds due to spread by swelling. 
Table 6-2. Solvent content of PAAm gels prepared in water and 2M urea solution. 
Prepared solvent Swelling solvent solvent content 
water × 79.20±1.42 
water water 92.35±0.47 
Water Urea 2M 82.73±0.46 
Urea 2M × 68.64±4.39 
 
 
Figure 6-11. Tensile stress strain curves of PAAm gels prepared in water or 2M urea 
solution. [AAm]=5M and [MBAA]= 0.005mol%. 
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Figure 6-12. Tensile test at different strain rate of PAAm gels as prepared in (a) water 
and (b) 2M urea solution and swelling in (c) water and (d) 2M urea solution.  
[AAm]=5M and [MBAA]=0.005mol%. 
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6.3.5 Cycle test  
Next, we carried out cycle tensile test to examine their hysteresis elongation 
behavior. Figure 6-13 displayed reversibility of PAAm gels in both elastic behaviors 
before and after swelling. It was also similar behavior in whether as-prepared in 2M 
urea solution or swelling in 2M urea solution (Figure 6-13). Our result indicated that a 
few cross-linkers enable to give not high strength but also reversibility.  
 
  
 
Figure 6-13. Cycle tensile test of PAAm gels as-prepared in (a) water and (b) 2M 
urea solution and swelling in (c) water and (d) 2M urea solution. [AAm]=5M and 
cross-linker content was 0.005mol%. Strain rate was 50mm/min. 
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6.3.6 Breaking energy 
Next, we calculated fracture energy from stress-strain curve. Fracture energy of 
polymer gels are effect in growing crack. Hence, fracture energy is obtained by pulling 
sample notched. However, our sample was not enabled to notch due to their high 
toughness. In our study, we defined breaking energy as the area under the tensile 
stress-strain curve of unnotched sample. 
Figure 6-14 show breaking energy at each preparation condition. Compared to 
monomer concentration in prepared state, high monomer concentration brought high 
breaking energy due to increase polymer chain to break (Figure 6-14 (a)). In theta 
solvent, breaking energies were decrease than that prepared in water in spite of low 
solvent content (Figure 6-14 (b)). Because there were many loop chains in preparation 
in theta solvent, which was not contribute to mechanical performance. Swelling state 
exhibited lower breaking energy due to low polymer fraction. In any condition, breaking 
energy started to increase below cross-linker content 0.1mol%. However, there were not 
significant change in water content. It is necessary to take account in network structure 
for mechanical toughness. Hence, we calculated crosslinking density by water content 
and elastic modulus. 
  
 
Figure 6-14. Breaking energies dependent on cross-linker content of PAAm gels at 
different preparation condition. (a) [AAm]=5M, 2.5M and 1M as-prepared. (b) 
[AAm]=5M as-prepared in MeOH/H2O=2/3(v/v). (c) [AAm]=5M swelling in water. 
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Figure 6-15 show demonstrated crosslinking density at each cross-linker content. In 
monomer concentration 5M, crosslinking density became constant when cross-linker 
content was less than 0.1mol%.  
Figure 6-16 show relationship between crosslinking density and breaking energy in 
each monomer concentration. High crosslinking density gave low breaking energy. In 
case of low crosslinking density, there were large differences in breaking energy even if 
crosslinking density were slightly changes. Our result is considered our result attributed 
to different type of crosslinking. 
 
 
Figure 6-15. Crosslinking density dependent on cross-linker content of PAAm gels 
as-prepared prepared in water. 
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Figure 6-16. Breaking energy dependent on crosslinking density of PAAm gels. 
[AAm]=(a) 1M and (b) 2.5M, (c) 5M. 
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We calculated theoretical crosslinking density (νtheo)34 and compared experiment 
crosslinking density (νexp) (Figure 6-17). PAAm gels with cross-linker content less than 
0.1mol% exhibited higher νexp than νtheo. Also breaking energy became drastically 
increased above νexp/νtheo=1. This result indicated that there were many crosslinking not 
derived from cross-linker agents and it brought high mechanical toughness in PAAm 
gels. It is considered that these crosslinking are ascribed to hydrogen bond or 
entanglement. However, breaking energies were obtained by tensile test at when stress 
strain was 50mm/min that did not contribute to influence of hydrogen bond (Figure 
6-12). Therefore, many entanglement of polymer chain were formed in low cross-linker 
content. These cross-linkers can act as crosslinking at small strain and also act as 
sacrifice bond to dissipate applying force at huge deformation.  
 
 
 
  
 
Figure 6-17. (a) Ratio of experiment and theoretical crosslinking density (νexp/νtheo) 
dependent on cross-linker content and (b) breaking energy dependent on νexp/νtheo. 
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6.4 Conclusion 
We attempted to prepare PAAm gels exhibiting high mechanical strength by 
modulating their monomer concentration and cross-linker content. In high monomer 
concentration and low cross-linker content, there were high mechanical performance for 
tensile and compression. A few cross-linker agents in PAAm gels led to stability against 
compression even if low monomer concentration. Because low cross-linker contents 
represent lot of entanglement polymer chain that enable to work as crosslinking and 
dissipate force by relaxation polymer chain at same time. Our result supported that low 
cross-linker content enable to give high mechanical toughness in polymer gels. 
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This thesis describes design and properties of polymer gels with various synthesis 
methods. In the present work, the author focused on effect of network structure for 
mechanical and responsive properties of polymer gels. 
 
In Chapter 2, we described that synthesis of PNIPAAm gels which is famous 
temperature-response gels using ATRP. The temperature-responsive behaviour of the 
PNIPAAm gels was strongly affected by the polymerization method, polymerization 
temperature and cross-linker content. The different polymerization methods (ATRP and 
FRP) lead to different mechanical and responsive properties in the PNIPAAm gels. 
Cross-linker content also affect to their mechanical and responsive properties. In case of 
FRP, higher cross-linker contents lead to more inhomogeneous network which gave 
lower transparency and responsiveness. However, the ATRP gels remained transparent 
and sharply temperature responsiveness. Interestingly, the shrinkage kinetics of the 
ATRP gel synthesized at 5°C with low cross-linker content were slower than those of 
the FRP gel even though the gels exhibited the same volume phase transition with the 
increasing temperature.  
 
In Chapter 3, we summarized result of characterization of network structures of 
PNIPAAm gels prepared by ATRP and FRP using DLS in order to reveal the difference 
in physical properties of the PNIPAAm gel in chapter 2. Our results showed that there 
were no differences between ATRP and FRP in correlation length obtained by partial 
heterodyne method. While, standard deviation of scattering intensity of PNIPAAm gel 
synthesized ATRP became lower than FRP with any cross-linker content. It suggested 
that average of network structures was not difference. However, in microscopic polymer 
network formed by ATRP were more homogeneous than FRP. 
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In Chapter 4, we reported gelation of two types of tetra temperature-response 
macromolecules, tetra-poly N-isopropylacrylamide-b-diacetone acrylamide 
(tetra-PNIPAAm-b-PDAAm) and tetra-poly 
N-isopropylacrylamide-b-N-allylacrylamide (tetra-PNIPAAm-b-PAllAm) synthesized 
by SET-LRP. Tetra-PNIPAAm-b-PDAAm formed gel network by reaction with adipic 
acid dihydrazide. Tetra-PNIPAAm-b-PDAAm gels exhibited pH-sensitive degradation 
due to hydrolysis of cross-linker and change in volume at above their LCST. 
Tetra-PNIPAAm-b-PAllAm gels were obtained by thiol-ene reaction. Their 
mechanicals properties and temperature responsiveness suggested that they have nearly 
ideal network. We also succeed in prepare micro sized PNIPAAm gels using 
Tetra-PNIPAAm-b-PAllAm by fluorescent microscope. 
 
In Chapter 5, we described biomolecularly stimuli-responsive sol–gel transition 
polymer by introducing biotin into a tetra PEG. These polymers underwent the phase 
transition to a gel state upon the addition of free biotin because the complexes between 
avidin and biotinylated Tetra-PEG acted as dynamic cross-links. Furthermore, the 
avidin/biotinylated Tetra-PEG hydrogel transformed to a sol state upon the addition of 
free biotin because of the dissociation of the complex cross-links.  
 
In Chapter 6, we attempted to prepare PAAm gels exhibiting high mechanical 
strength by modulating their monomer concentration and cross-linker content. In high 
monomer concentration and low cross-linker content, we obtained PAAm gels 
exhibiting high mechanical performance for tensile and compression even if they were 
synthesized by conventional radical polymerization.  
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In conclude, we succeed in preparing of well-designed network structures using 
various methods and elucidating the influence on physical and responsive properties. 
Our results not only contribute to understand the relation between the synthetic method 
of polymer gel and properties but also give design guidelines for polymer gel exhibiting 
excellent physical properties and functions. In future, polymer gels having higher 
functionality and performance will be utilized in new field. 
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